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Composite membranes refer to membranes made of or from two or more 
materials. Most separation membranes in use nowadays are composite 
membranes to obtain desired structures or properties. Techniques developed for 
fabrication of composite membranes may be classified in three major groups: 
solution coating, polymerization reactions (including interfacial polymerization, 
plasma polymerization, etc.) and dynamic coating. For composite hollow fiber 
membranes, the compounds that are used in or for the active layer often could 
not be extruded directly into hollow fiber membranes, due to cost or chemical 
property reasons. Therefore, a post treatment stage is usually introduced in the 
preparation processes; it is to immobilize or chemically cross-link the functional 
material onto the surface of the support or base hollow fiber membrane. Each 
layer of the composite membranes, (active layer or supporting layer) can be 
optimized to achieve the desired cross-section structure and surface properties 
for the prepared hollow fiber membranes, including various physical and 
chemical properties, such as the separation selectivity, permeability and 
chemical stability. This process of making composite membranes can normally 
result in improved transportation and separation efficiency and lowered 
hydraulic resistance, as compared with non composite membranes. However, 
the conventional methods of fabricating composite membranes need multiple 
steps, which not only consume more time and energy, but also face the difficulty 
in ensuring the final product quality and its consistency. 
Hypothetically, the second step of fabrication of composite hollow fiber 
membrane such as coating or interfacial polymerization may be made to occur 
directly during the spinning through the chemistry in the spinneret, i.e., replaced 
XV 
 
by the crosslinking reaction occurred in the spinneret. Novel composite hollow 
fiber membranes can be manufactured through a one-step spinning process by 
dissolving the reactive functional polymer agent in the bore liquid and thus 
inducing a simultaneous phase inversion and cross-linking or polymerization 
process to obtain the composite hollow fiber membranes with different 
structures or surface properties.   
This study hence investigated a novel versatile one-step spinning method 
to prepare polymeric hollow fiber membranes with ultrafiltration or 
nanofiltration functions directly through controlling the interplay of 
simultaneous phase inversion of membrane formation polymer and cross-linking 
or adsorption of a functional polymer in the spinneret for potential water 
treatment applications.  
Firstly, the P84/PEI composite hollow fiber membrane was studied in 
the one-step spinning fabrication process with polyimide polymer P84 as the 
base membrane forming material and poly (ethylene imine) (PEI) as the cross-
linking functional material.  The PEI was dissolved in the bore liquid, so that 
cross-linking reaction took place simultaneously with the phase-inversion 
reaction in the membrane formation process in the spinneret. This process led to 
the interplay between the phase inversion (the mechanism of membrane 
formation) and the crosslinking. More importantly, the content of PEI in the 
bore liquid affected the extent of crosslinking in the interplay. Different MW of 
PEI in the bore liquid was also examined for the effect of crosslinking in the 
interplay, and for the influence on the performance of the obtained hollow fiber 
membranes. By the careful control of the interplay between phase inversion and 
cross-linking, the final morphology and the separation layer chemistry of the 
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prepared hollow fiber membranes can be manipulated. The results demonstrated 
that it is a considerably attractive idea to use the one-step fabrication method to 
prepare membranes for both ultrafiltration and nanofiltration functions. 
Polyimide P84 in the dope and PEI dissolved in the bore liquid were a good pair 
of composition for this approach. In contrast to the existing technique to make 
composite, especially nanofiltration, hollow fiber membranes, which needs a 
second or additional step of making membrane modification, the approach in 
this study based on the one-step simultaneous phase inversion and cross-linking 
reactions in the spinneret is much simpler and cost-effective. 
Subsequently, the process of simultaneous phase inversion and 
crosslinking spinning method was extended to a blend of two membrane 
forming polymers. The experiments were designed to use two base polymers, 
one of which can be cross-linked but the other can not, to fabricate hollow fiber 
membranes to provide better insights on the selection of appropriate blending 
composition of membrane materials for a given crosslinking agents. On the 
basis of early work, polyimide (P84) and polyethersulpone (PES) blend 
membranes were prepared by the one-step spinning method, with P84 acting as 
the crosslinkable matrix polymer and PES, the additional second matrix polymer, 
as the non-crosslinkable, with PEI remained to be the crosslinker.  The effect of 
this approach on the membrane morphology and separation performance of the 
prepared hollow fiber membranes was investigated, with focus on the 
examination in the role of adding a second matrix polymer PES that does not 
possess the functional groups to undergo crosslinking reaction with P84 that 
does. The selection of PES with P84 was due to the consideration that they are 
completely compatible in a common solvent and the blending of these two 
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polymers has been used to make membranes for gas separation applications in 
the literature. Investigation was made in the compositions of the blends, and in 
the influence of the second polymer content on the formation of a porous 
structure of the blend membranes and their separation performance of the 
derived hollow fiber membranes. It was also to find out how the membranes’ 
structure and performance can be adjusted by varying the spinning parameters, 
including the ratio of bore flow rate and dope flow rate, the ratio of solvent/non-
solvent in the bore liquid, and the different molecular weight of the crosslinking 
agent in the bore liquid, in addition to the ratio of P84 to PES. Results showed 
that there is a great flexibility to tune the membranes’ structure to achieve 
different separation functions or targets.  
Furthermore, to understand in-depth the versatile one-step membrane-
manufacturing process, which is expected to play a revolutionary role in 
membrane development for reducing membrane preparation cost and ensuring 
membrane product quality, different amine-containing compounds were selected 
as the crosslinking agents and were investigated. Different types of membranes 
were prepared with P84 as the base membrane material but crosslinked by 
different crosslinking agents. The crosslinking degree and surface properties of 
the obtained hollow fiber membranes were obtained and evaluated. It was found 
that the membranes’ pore structures and surface chemical properties may be 
effectively modified by changing the crosslinking agents in the bore liquid.  
Finally, a preliminary study was made in the comparison of the 
membranes that was made from P84 and cross-linked with PEI and that made 
from P84 but modified by dissolving the sulphonated poly ether ether ketone 
(SPEEK) polymer in the bore liquid (i.e., without crosslinking, but with surface 
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adsorption) for their differences in membrane morphology, surface chemistry 
and charges, and pure water flux, etc. This further extended the one-step 
spinning method to a process of simultaneous phase inversion and surface 
adsorption for the versatility of the method in membrane preparation, with 
varying separation layer structures and properties for various expected 
performance. The application of the prepared membranes was investigated 
through a study in their ability to remove humic acid (HA) from model water.  
A most important implication of this study is that both ultrafiltration and 
nanofiltration membranes can indeed be produced from a one-step process 
through simultaneous phase inversion and crosslinking or surface adsorption in 
the spinneret. Humic acid removal and multi-valent ion rejection have been used 
as a tool to indicate the prepared hollow fiber membranes showing ultrafiltration 
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CHAPTER 1 INTRODUCTION 
1.1 OVERVIEW 
Since the last 40 years or so, hollow fiber technology has gradually 
become one of the most important techniques to produce polymeric membrane 
for separation applications. Similar to textile fiber spinning, hollow fiber 
membranes use the analogous fabrication techniques. Hollow fiber membranes 
provide large membrane surface areas for separation within a compact 
membrane module. Due to the surface acting as a selective layer, several 
processes, such as diffusion, adsorption, reaction or convection, can take place 
on the surface. Largely based on the phase inversion principle, one of the most 
popular methods to fabricate hollow fiber membranes employs the immersion 
precipitation dry-wet spinning process from various polymer dope solutions. A 
more detailed discussion regarding this technique can be found elsewhere 
(Roesink, 1989; Mulder, 2000). 
Membrane morphology is a very important feature and can usually be 
classified into two groups: porous and dense. Dense membranes utilize the 
chemical and physical characteristics of their materials and structures to 
perform the separation according to the solubility and diffusivity of the solute 
species in the membranes. For porous membranes, size exclusion is usually 
the major separation mechanism and the pore size and structure of the 
membranes play a very important role in the separation performance. The 
cross section structure of the membranes could be symmetric, asymmetric, or 
in the form of composite. Often supported by a highly permeable, nonselective, 
and porous structure, a very thin active surface layer of the asymmetric or 
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composite membranes controls the separation process. In composite 
membranes, the two layers are usually made of different materials. Especially, 
for the composite membrane, the active layer is generally a very thin (0.1-1µm) 
dense layer, which is located on either the inner or the outer surface of the 
hollow fiber membranes, or somewhere between (Lipscomb, et al. 2004). 
Hollow fiber membranes can be fabricated from most of the spinnable 
materials. Based on the spinning technology, two preparation methods may be 
employed: wet (or dry-wet), and dry spinning. Since the formation of almost 
all membrane morphologies can be achieved, the dry-wet method has been the 
most popular one (Chen, et al. 2006). One of the main parameters determining 
the membrane surface structure is the air gap which is the distance between 
the spinneret and the coagulation bath. Other important parameters influencing 
hollow fiber membrane morphology include the dope composition, the 
composition of internal and external coagulants, spinning temperature and 
viscosity, pumping rates of the dope solution and the bore coagulant, and 
spinneret dimensions, etc. In addition, other post-treatments, such as chemical 
cross-linking, addition of antiplasticizers, and fluorination, could be applied to 
the prepared hollow fiber membranes to achieve the required or more desired 
functionality (Chen, et al. 2006). 
The major techniques for the fabrication of composite membranes may 
be approximately classified into three groups (Baker, 2004; Mulder, 1996): 
solution coating, surface polymerization (including interfacial polymerization 
and plasma polymerization methods, etc.) and dynamic coating. The 
compounds that are often used in the active layer may not be extruded directly 
into the hollow fiber membranes due to the cost or other chemical reasons. 
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Hence, a post treatment stage has to be introduced into the preparation process. 
This is to deposit or chemically cross-link the active material onto the surface 
of the support structure of the base hollow fiber membranes (Chen, et al. 
2006). Each layer of the composite membranes can be optimized to obtain the 
desired surface properties, including physical and chemical properties of the 
membranes, such as the separation selectivity, permeability and chemical 
stability. The post treatment process can result in a membrane with more 
efficient separation performance whereas have higher transportation rates and 
possibly lower hydraulic resistance. However, these practices of making 
composite membranes need more steps for fabrication, which usually not only 
consumes more time and energy, but also faces the difficulty in ensuring the 
final product quality as well as needs more sophisticated preparation system 
facilities (Baker, 2004; Mulder, 1996). 
In more recent years, some research work has been done to fabricate 
composite membranes through direct extrusion in one step. Special triple 
orifice spinnerets are utilized for the co-extrusion of dual layers of hollow 
fiber membranes. The internal support layer is the main structure and can be 
made from more common or cheaper materials, such as uncharged polymer of 
polysulphone for salt rejection (He, et al., 2002), or polyethersulphone for 
protein ultrafiltration (Li, et al., 2008), while the outer separation or active 
layer is made from functional materials such as sulphonated 
polyethersulphone. However, the two layers often have compatibility 
problems and it is not well solved on how to deal with the poor adhesion 
between the two layers and hence the poor structure stability of those 
developed hollow fiber membranes.  
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Recently, a relatively new development is reported by Kopeć et al. 
(2011) who have investigated a new hollow fiber fabrication technique, 
through the principle of “chemistry in a spinneret”. By using this technique, 
the formation of membranes by phase inversion and crosslink reactions are 
integrated to occur simultaneously in one single spinning fabrication step in 
the spinneret. New charged membranes and new methods to introduce charges 
on to the prepared membranes were demonstrated by them.  
In this study, the above concept is extended to examine and investigate 
the formation and preparation of novel polymeric hollow fiber membranes 
with ultrafiltration and nanofiltration functions by the one-step spinning 
method. The inner surface layer of the fabricated hollow fiber membrane will 
be the selective or active separation layer. The configuration of the prepared 
hollow fiber membrane may be schematically shown as in Figure 1.1.  
 
Figure 1.1 A Schematic Diagram Showing the Configuration of the 
Prepared Hollow Fiber Membranes with the In-and-Out Approach (The 
illustration figure was redrawn from the link: http://www.kochmembrane.com/PDFs/Membrane-
Filtration-Technology---Koch-Membrane-Sys.aspx) 
 
The novel functional membranes were manufactured in the one-step 
spinning process by dissolving a reactive polymer agent in the bore liquid and 
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causing a chemical crosslinking with the membrane forming polymer during 
its phase inversion in the spinneret. Unlike the current techniques of 
fabricating composite hollow fiber membranes which need an additional post 
treatment step after their spinning manufacturing, the crosslinking reaction in 
the new method occurs already in the spinneret, simultaneously with the phase 
inversion in the process of membrane formation.  
 
Figure 1.2 Spinning variables (Adopted from reference (Kopeć, et al., 2011)) 
 
Figure 1.2 shows a comprehensive tree with the many variables that 
are involved in the spinning process for a hollow fiber membrane. These 
membrane forming parameters, including the solvent and nonsolvent 
composition in polymer dope solution, bore liquid and shell liquid, have direct 
or indirect effects on the interplay between the phase inversion and chemical 
crosslinking. In addition, the desired pore size, porosity, hydrophobicity, 
surface charge of the fabricated hollow fiber membranes can be easily 
adjusted during the spinning process by changing the other variables or factors, 
such as: (i) extrusion rate of the polymer dope solution; (ii) flow rate of the 
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bore liquid; (iii) air gap distance; (iv) pulling speed, (v) temperature of the 
polymer solution as well as the coagulation bath; and (vi) the spinneret’s 
dimension. 
1.2 RESEARCH OBJECTIVE AND SCOPE OF THIS STUDY 
The goal of this study is to fabricate polymeric UF/NF hollow fiber 
membranes through the on-step approach with phase inversion and chemical 
cross-linking or surface adsorption that take place in a spinneret 
simultaneously, and to characterize these prepared hollow fiber membranes. 
This study aims at understanding how the crosslinking reaction or surface 
adsorption during the phase inversion influences the formation of the porous 
structure of the prepared final hollow fiber membrane products and how those 
influences can be controlled.  
This research will particularly investigate how the final morphology of 
the hollow fiber membranes is affected by such spinning parameters as the 
concentration of the cross-linking agent or other functional polymer in the 
bore liquid, the nature of the base membrane polymer, the nature of the 
crosslinker, and the degree of crosslinking that may be achieved. These 
spinning parameters are expected to have a great influence on the interplay 
between the phase inversion and crosslinking. By knowing those, a membrane 
with desired pore size, surface charge, and certain other chemical properties 
on the surface for specific separation functions can be controlled and produced. 
The scopes of this study will include: 
7 
 
(i) The effect of crosslinker (including the type and structure, 
molecular weight, ratio of functional groups, such as primary, 
secondary and tertiary amines) 
(ii) The effect of one base membrane forming polymer and the effect 
of addition of the second polymer. A blend of two membrane 
forming polymers, one of which can be cross-linked, such as 
polyimide P84, but the other does not have imide groups which 
undergo crosslinking, like polyethersulphone. 
(iii) The effect of adding other functional polymer, other than 
crosslinker, such as the sulphonated poly ether ether ketone 
(SPEEK) polymer, in the bore liquid on the surface electrical 
property of the produced hollow fiber membranes. 
Through these studies, it is expected to obtain better understanding in 
the interplay between the phase inversion and crosslinking or surface 
adsorption in the one-step process, and determine the parameter values that 
may effectively incur the transition between the membrane structures and 
functionalities.  
All the prepared hollow fiber membranes will be examined for their 
morphology using Scanning Electron Microscopy (SEM), surface charge by 
Zeta potential analysis, mechanical property by using INSTRON advanced 
mechanical testing system, membrane surface chemistry by Attenuated Total 
Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) or NMR, 
mass loss by dissolvability experiment, surface wetting properties by water 
contact angle measurement using goniometer, and permeation performance 
through constant pressure filtration experiments, etc.  
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1.3 OUTLINE AND ARRANGEMENT OF THE THESIS 
This thesis consists of seven chapters. 
Chapter 1 is a brief introduction on the project overview, proposed 
research objectives and scopes. This is to establish the background of the 
study and provide the rationalization with an impression regarding the need of 
this kind of study.  
In Chapter 2, a detailed literature review, pertaining to the existing 
researches and findings in the area of fabricating functional hollow fiber 
membranes for ultrafiltration/nanofiltration, and applying those membranes 
for humic acid removal or salt rejection, is provided.  
In Chapter 3, the proposed one-step preparation method for 
ultrafiltration and nanofiltration hollow fiber membranes was first investigated 
for a membrane-formation polymer, P84, and a polyamine crosslinking agent, 
PEI. PEI was dissolved in the bore liquid, which incurred crosslinking reaction 
with P84 when phase inversion of P84 took place simultaneously during the 
hollow fiber membrane formation process in the spinneret. This process leads 
to the interplay between the phase inversion (the mechanism of membrane 
formation) and the crosslinking (the mechanism of membrane modification). It 
was found that by carefully controlling the interplay, the final morphology and 
surface chemistry or property of the prepared hollow fiber membrane can be 
manipulated. The results demonstrated that it is a considerably attractive and 
economic idea to use the one step fabrication method to prepare membranes of 
different separation performance, such as ultrafiltration and nanofiltration. The 
investigation also showed that the membrane forming polymer P84 and the 
9 
 
polyamine crosslinking agent PEI are a good pair of materials for the proposed 
one-step fabrication process. This is in contrast with the existing technology 
making polyimide hollow fiber membranes, with crosslinking to be achieved 
in an additional post-treatment process (Ba & Economy, 2009; Hayes, et al., 
1990; Vanherck, et al., 2008; Shao, et al., 2008; Tin, et al., 2003; Chung, et al., 
2004; Albrecht, et al., 2003; Liu, et al., 2001; Toh, et al., 2007), which is more 
complicated in system, costly and demanding in time and skill. 
Subsequently, in Chapter 4, the one-step simultaneous phase inversion 
and crosslinking spinning method was extended to more than one membrane 
forming polymers. Experiments were conducted for a two-polymer blend to 
fabricate hollow fiber membranes to provide better insights into the 
appropriate blending compositions of polymers while used the same 
crosslinking agent of PEI. Particularly, the polymer blend was made of P84 
and polythersulfone (PES), with P84 acting as a crosslinkable membrane 
matrix polymer and PES as a non-crosslinkable second membrane matrix 
polymer. The study focused on the investigation in the effect of addition of the 
second polymer PES which does not possess imide groups to undergo 
crosslinking reaction with PEI on the morphologies and properties of the 
prepared hollow fiber membranes. The investigation included the different 
composition of the blends, and the effect of varying different spinning 
parameters such as the ratio of bore flow rate and dope flow rate, the ratio of 
solvent/non-solvent in the bore liquid and the different molecular weight of 
the crosslinking agent, on the prepared hollow fiber membranes. 
In Chapter 5, the study was focused on the same membrane forming 
matrix polymer P84 but with different types of crosslinking compounds. Four 
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different amine-containing compounds (Jeffamine M-2005, Jeffamine T-5000, 
polylysine and polyamidoamine dendrimer) were applied separately as the 
crosslinking agent to prepare various types of hollow fiber membranes. The 
study was to investigate the effect of the nature of different crosslinking agents 
on the crosslinking degree and surface properties of the obtained hollow fiber 
membranes. The crosslinking degree and the morphology of the obtained 
membrane were evaluated.   
In Chapter 6, the study was further expanded. Hollow fiber membranes 
were made from P84 cross-linked with PEI or P84 adsorbed with sulphonated 
poly ether ether ketone (SPEEK) polymer that was dissolved in the bore liquid 
(without PEI in this case). The membrane morphology, surface chemistry and 
charges, and water permeability were examined. The application of these 
membranes for potential water treatment applications in humic acid (HA) 
removal from model water samples was evaluated.  
Finally, Chapter 7 summarizes the work done and progresses made in this 




CHAPTER 2 LITERATURE REVIEW 
2.1 MEMBRANES  
During the past few decades, membranes have attracted great attention 
from many researchers and industries, owing to the wide range of applications 
in membrane separation and their selective separation performance. In 
separation applications, the aim is often to permit one or more components of 
a mixture to permeate through the membrane freely, while preventing the 
permeation of other components (Baker, 2012).  A membrane is considered to 
be a permeable or semi-permeable phase, either solid or liquid, which retains 
certain species while allows other species to permeate through (Scott, et al., 
1996). The structure of a membrane can be homogeneous or heterogeneous. 
Hence, membranes may be classified into isotropic membranes that have 
symmetric structures (including many microporous membranes, nonporous or 
dense membranes, and electrically charged membranes), and anisotropic 
membranes that have asymmetric structures (such as multi-layer or composite 
membranes). Figure 2.1 shows a schematic diagram illustrating the different 
types of possible membrane structures (Baker, 2012). According to the 
materials used for membranes, they can also be grouped into polymeric, metal, 
ceramic and liquid membranes, etc. 
In addition to membrane materials, the structure of a membrane has a 
significant effect on its permeation and separation performance. The 
symmetric ones, which have a structure identical over the entire cross-section 
of the membrane, can typically include dense films and porous ones that may 
have cylindrical pores or micro-pores such as those in a sponge. A 
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homogeneous membrane is often used to indicate a dense membrane, which 
has tremendous scientific value and is usually extensively used in the 
laboratory for the fundamental study of intrinsic membrane properties (Xiao, 
et al., 2006). 
The asymmetric membranes include the integral-asymmetric 
membranes with a finely porous skin layer or a dense skin layer supported on 
a more porous supporting layer or layers. The separation properties are 
determined by the nature of the membrane material, the pore size of the skin 
layer, and the mass transportation rate of the skin layer, which relies on the 
skin thickness. The porous sub-layer or supporting layer usually has little 
effect on the separation characteristics (Nath, 2008). The thin-film composite 
membrane is one type of the most commonly used asymmetric membranes, 
and can be further divided into a single thin and selective layer on top of a 
porous support or multi-layers on a porous support, each layer of which may 
be made of different materials, and would perform a specific function (Pinnau 
& Freeman, 1999). This technology was considered as a major breakthrough 
in membrane preparation technology in the late 1970s. There are several 
significant advantages of the layered structure over the integrally-skinned 
asymmetric membranes made traditionally by the Loeb and Sourirajan method 
(Mulder, 1996): independent selection of materials from which the separating 
layer and the porous support are formed; independent preparation of the 
separating layer and porous support and thus enabling optimization of each 
layer; and the ability to control the thickness of the separating layer. The thin 
separation layer allows the use of materials that have better performance but 
are expensive because the amount required is small (Pinnau & Freeman, 1999). 
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Thin-film composite membranes are particularly developed for reverse 
osmosis (RO) and nanofiltration (NF) applications where the requirement for 
the separation layer is rather demanding. In addition, a very finely porous 
substrate to which the thin film can adhere well is required for the successful 
production of such thin-film composite membranes. The pores in the substrate 
must also have a high porosity and be smaller in pore diameter than the 
thickness of the thin film to be applied  (Pinnau & Freeman, 1999; Nath, 2008). 
The porous support must be also chemically resistant against the solvent or 
solvent mixture from which the thin film separating layer is to be formed 
(Pinnau & Freeman, 1999). Although the thin film composite membranes have 
generally acquired better performances in terms of pH stability, pressure drop, 
temperature sensitivity, flux, and solute rejection than traditional asymmetric 
membranes, such as those made from cellulose acetate, problems in fouling, 
especially biofouling, and the complexity in fabrication still need great 
improvement or better resolutions to the technology. 
 
 
Figure 2.1 A schematic illustration of the structures of symmetric and 
asymmetric membranes (Adopted from (Xiao, et al., 2006) 
 
Homogeneous dense films With cylindrical pores With sponge-type structures 
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Integral asymmetric





2.2 MEMBRANES SEPARATION PROCESSES  
Membrane separation processes, largely based on the membrane pore 
sizes, can be broadly divided into a few groups as described below: 
(Hashsham, 2006)  
1) Microfiltration  
Microfiltration (MF) has by far been one of the oldest and most widely 
used membrane processes, once with total sales greater than the combined 
sales of all other membrane processes (Mulder, 1996). MF is the process 
primarily removing particles or biological entities in the size range of 0.1 to 
10.0μm from fluids by passing them through a microporous membrane filter. 
The pore size of the MF membranes is usually greater than 50nm. Attributed 
to the large pores, the membranes are operated at low transmembrane pressure 
difference, i.e., typically <2bar. One of the main industrial applications of MF 
is the sterilization (removing bacteria) and clarification (removing suspended 
or colloidal particles) of all kinds of liquids, such as water in water supply, or 
beverages and pharmaceuticals in the food and pharmaceutical industries. A 
MF membrane is generally of a symmetric and microporous structure. The 
porosity of MF membranes is usually high enough (>80%) to provide high 
permeate flux. Both polymeric and inorganic materials can be used for MF 
membranes (Mulder, 1996).  
2) Ultrafiltration  
Ultrafiltration (UF) has the separation performance between MF and 
nanofiltration (NF) and is typically used to remove small colloids or 
15 
 
macromolecules in the size range of 1-100nm from fluids passing through a 
UF membrane. Species typically rejected by a UF membrane include sugars, 
biomolecules, polymers, colloidal particles, and may be some virus as well. 
UF membranes usually have an asymmetric structure with a much denser top 
layer (0.1-0.5μm) supported by a microporous layer. For removal of 
macromolecules, the pores sizes or performance of UF membranes are mostly 
described by their nominal molecular weight cutoff (MWCO), which indicates 
the smallest molecular weight species for which the membranes have more 
than 90% rejection. The common MWCO for UF membranes is in the range of 
1,000-100,000Da. UF processes normally operate in a pressure difference 
range of 1-10 bars. Both polymeric and inorganic materials can be used for UF 
membranes (Mulder, 1996). 
3) Reverse Osmosis 
Reverse osmosis (RO) is also a pressure-driven separation process 
based on the solution-diffusion mechanism. A RO process is typically used to 
separate salts and small molecules from low molecular weight solutes 
(typically less than 100 Da) from a fluid passing through a RO membrane at 
relatively high operation or transmembrane pressures. The species size range 
for applications of RO separation is approximately at the level of 0.1-1nm. 
Hence, RO may be expected, in principle, to separate all types of solutes from 
aqueous streams, typically for dissolved solutes (such as multivalent and 
monovalent salts) and mostly to be used for water desalination. A much 
greater operating pressure is required, normally in the range of 15-80bar to 
overcome the resistance of permeating flow from the  membrane material as 
well as the possibly high osmotic pressure produced by the dissolved salts (the 
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osmotic pressure of seawater, for example, may be up to 25-30 bars). Almost 
all RO membranes are asymmetric and have the composite membrane 
structures, made mostly from polymers with high hydrophilicity and low 
solute permeability, including cellulose acetate and aromatic polyamides , etc. 
(Mulder, 1996). 
4) Nanofiltration (NF) 
Nanofiltration is a pressure driven membrane separation process. The 
pore size or solute separation range of a NF membrane lies between those of 
UF and RO membranes (Feng, et al., 2014). The pore size of NF membranes is 
typically at about 1nm and the operation pressure difference in the range of 5-
20 bar. Most NF membranes have surface electrical charges; and those 
membranes fabricated from traditionally made polymeric materials may be 
neutral or negatively charged. Therefore, the performance in rejection of 
solutes depends on the combination effects of the steric and charge 
interactions of the solutes and the membranes (Cheng, et al., 2011).  
NF membranes usually have high rejections to most dissolved organic 
solutes with molecular weights above 100–200 Da and are good at salt 
rejection for divalent or multivalent ions at salt concentrations below 1000–
2000 ppm. For these reasons, the principal application of NF membranes has 
been in the removal of low levels of contaminants from already relatively 
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, can pass freely through the NF membranes (Scott & Hughes, 
17 
 
1996). NF sometimes is referred to as low pressure RO because of its partial 
desalination nature removing divalent and multivalent ions but not monovalent 
ones, and having a lower osmotic pressure. 
Then membrane processes can also be classified according to the 
driving force used in the separation process. The technically and commercially 
most relevant processes are the pressure-driven processes, such as RO, NF, UF, 
and MF, or gas separation; concentration-gradient driven processes, such as 
dialysis; partial pressure driven process, such as pervaporation; and electrical 
potential driven processes, such as electrolysis and electrodialysis.  
Based on the different separation mechanisms, membrane possesses 
can be grouped accordingly. Some processes are based on the size exclusion 
mechanism, i.e., the membranes can hinder the transport of the components 
having sizes larger than the pore size of the membranes while allow the other 
smaller components freely pass through the membrane. Typically, such 
processes include MF, UF and NF. Another mechanism is the solution-
diffusion model. Components that can be absorbed by or dissolved into the 
membranes on one side and then diffuse through the membrane to the other 
side of the membranes. The selectivity relies on not only the absorption but 
also the diffusion rate of each component in the membrane materials. Typical 
examples of such process are RO, gas separation, pervaporation and liquid 
membranes. The third type is based on the charge effect of the components to 
be separated. In such process, the membranes are electrically charged and only 
species that have the opposite charge from that of the membranes can 
effectively pass through the membranes while those with the same charge are 
rejected. A typical example of such process is electrodialysis.  
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A schematic illustration of the characteristics of those pressure-driven 
membrane processes, including the membrane pore size, molecular weight cut 
off (MWCO), components retained, pressure difference applied, etc., are 
shown in Figure 2.2. More details on various membrane separation process 
may be found elsewhere (Baker, 2012). 
 
 
Figure 2.2 A schematic diagram showing the application ranges of the 
typical pressure-driven membrane processes 
 
2.3 MATERIALS AND PREPARATION METHODS OF 
POLYMERIC HOLLOW FIBER MEMBRANES 
2.3.1 Materials of membranes 
The selection of membrane materials is definitely one of the most 
important factors in membrane separation technology. Membrane materials 
should ideally have the specific properties including: 1) high separation 
efficiency with reasonable high flux; 2) good chemical resistance; 3) good 
mechanical stability; 4) high thermal stability; 5) engineering processability; 6) 
satisfied reproducibility and 7) low cost (Scott, 1990). 
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Most membranes used in environmental engineering practice are made 
from polymeric materials. Among the wide range of polymeric materials, a 
few of them are especially important due to their excellent physical and 
chemical characteristics, commercial availability and low cost. The various 
common materials for fabrication of hollow fiber membranes include 
inorganic ones, mainly glass and ceramic, and organic ones, such as 
polypropylene (PP), polyethylene (PE), polyethersulfone (PES), polyvinyl 
choloride (PVC), and polyvinylidene fluoride (PVDF), etc. (Chen, et al., 2006). 
1) Inorganic membrane materials 
As most polymeric membranes are unable to perform well at high 
temperatures, the introduction of inorganic membrane materials becomes very 
important in membrane applications. Most inorganic membrane materials such 
as metals and ceramics have better selectivity and permeability at high 
temperatures. The major disadvantages with inorganic membranes are that 
they are generally more expensive than polymeric membranes and are often 
quite brittle (Nath, 2008). 
2) Organic synthetic polymers or copolymers  
Amorphous polymeric materials, which are cost-effective with 
sufficient selectivity and good processability, are the dominating materials in 
the membrane separation technology. Many studies have investigated the 
effect of polymer chain structure on the removal of organic substances such as 
humic acid and the rejection of salts such as divalent and multivalent ions in 
water in the membrane materials, such as sulphonated poly ether ether ketone 
(SPEEK) (Bowen, et al., 2001a; Ba & Economy, 2010), PES (Qin, et al., 2005; 
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Katsoufidou, et al., 2005; Fang, et al., 2013; Mehrparvar, et al.,2014) and 
polyimides (Ba, et al., 2009; Gao, et al., 2014). 
Different polymers are used for different membrane applications. The 
following table gives a summary of materials and their typical applications 
(Pinnau & Freeman, 1999). 
 
Table 2.1 Membrane materials and their applications 
Materials Processes 
Cellulose regenerated, Polyacrylonitrile (PAN) D,UF,MF 
Cellulose nitrate, Polytetrafuoroethylene 
(PTFE),  
Polypropylene, Polyvinyl chloride (PVC) 
MF 
Cellulose triacetate (CTA) MF,UF,RO 
Polyamide (Aromatic) RO,NF,D,UF,MF 
Polysulfone, Cellulose acetate (CA) GS,UF,MF 
Polyether sulfone, Polyether imide,  
Polyvinylidene fluoride (PVDF) 
UF,MF 
Polyimide GS,RO,NF,UF 
Polymethyl methacrylate(PMMA) D,UF 
Polyvinyl alcohol (PVA) PV,UF,MF 
 
The characteristics, advantages and drawbacks of two typical groups of 
these membrane polymers are discussed below: 
3) Polysulfone or polyethersulfone 
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Polysulfone results from condensation of biphenol-A and 
dichlorodiphenyl sulfone. They have diphenylene sulfone repeating units. The 
–SO2 group is stabilized by resonating electrons of adjacent aromatic groups 
(Nath, 2008). Both polysulfones (PS) and polyethersulfones (PES) have high 
degree of molecular immobility, creep resistance, high rigidity and 
dimensional stability. They can be operated over a wide range of temperature 
(up to 75 °C for PS and 125 °C for PES), with a fairly good tolerance for 
chlorine and a wide range of pH values (1 to 10). They are of great interest 
due to their low cost and commercial availability (Van der Bruggen, et al., 
2009). The sulfone groups can act as a sink for the electrons in the aromatic 
groups and give thermal oxidative resistance. This makes the PS and PES 
membranes resistant to high-energy irradiation. In addition, the aromatic 
groups can be substituted, thus providing channels for introducing ion 
exchange groups as well as using as sites for potential chemical crosslinking. 
There is a wide range of pore size (from 10 Å to 0.2 μ) for the PS or PES 
membranes commercially available for MF and UF applications. They are also 
widely used as porous supports in making thin-film composite membranes for 
RO applications. 
4) Polyimides 
Polyimides (PI) are a group of polymers that have drawn a lot of 
attention to its use in membrane formation. They have excellent film-forming 
and mechanical properties, good thermal and moderate chemical resistance 
(Bruggen, et al., 2009). They are produced by reaction of diamines with 
dianhydrides and subsequently condensed from the resultant polyamic acid. PI 
membranes are commercially used in gas separation, pervaporation, liquid 
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filtration and as porous support for composite NF membranes (Vanherck, et al., 
2010). 
Because of the various membrane materials and different structures, 
the proposed research focuses on the polymeric membranes with hollow fiber 
geometry. Polymeric hollow fiber membranes have been more favored than 
flat-sheet membranes and inorganic tubular membranes by modern 
applications. For the last 40 years or so, hollow fiber membrane technology 
has become one of the most important techniques to produce the polymeric 
membranes for separation applications. Hollow fiber membranes use 
analogous fabrication techniques to fibers. These techniques produce large 
membrane surface areas within a compact module for separation. The surface 
of the hollow fiber membranes can also have other applications. It can be a 
contactor for different phases. Also, the surface can be used as a selective 
layer for several processes, such as diffusion, adsorption, reaction or 
convection. Based on the phase inversion principle, one of the most popular 
methods to fabricate hollow fiber membranes employs the immersion 
precipitation dry-wet spinning process (Roesink, 1989; Mulder, 2000). 
Polymeric hollow fibers membranes have a number of distinctive advantages, 
such as high packing density, good self-mechanical support, high flux per unit 
area, and the ease and flexibility in both fabrication and operation (Feng, et al., 
2013). The superior mass-transfer properties of hollow fiber membranes have 
enabled their numerous commercial applications in a wide range of fields such 
as blood fractionation, UF, MF, NF, RO, gas separation, pervaporation, 
removal of VOCs from water, and water reclamation (Feng, et al., 2013). Thus, 
in the following section, a general review on polymeric membrane preparation 
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will be provided. In addition, a detailed introduction of the preparation of 
polymeric hollow fiber membranes will be included.   
2.3.2 Preparation methods for polymeric membranes 
A number of different techniques are available to prepare polymeric 
membranes. A detailed description of these methods can be found in the book 
by Mulder (Mulder, 1996). 
Nonporous membranes can be obtained through (1) solution casting 
followed by solvent evaporation and (2) extruding a melt polymer. To prepare 
symmetric microporous membranes, several methods are available, such as 
sintering, stretching, and track-etching. The sintering method involves 
compressing a powder consisting of particles of a given size and sintering at 
elevated temperatures. This method allows microfiltration membranes with 
pore sizes of 0.1-10μm but porosity of only 10-20% to be prepared. Both 
polymeric and inorganic membranes can be prepared through this method. In 
the stretching method, an extruded film made from partial crystalline 
polymeric material is stretched perpendicular to the direction of the extrusion. 
Then small ruptures occur and a porous structure is obtained with pore sizes in 
the range of 0.1-3μm and porosity of up to 90%. The track-etching method can 
create parallel cylindrically shaped pores of uniform dimension. A polymeric 
or inorganic film is subjected to high-energy particle radiation applied 
perpendicular to the film. The film is then immersed in an acid or alkali bath 
to etch away the materials along the tracks.  
Asymmetric porous membranes can be prepared through (1) making 
composite membranes or (2) phase inversion. Composite membranes can be 
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prepared by the method of (1) dip coating or (2) various types of surface 
polymerizations such as plasma polymerization, interfacial polymerization, 
and in-situ polymerization. A base support is needed for making composite 
membranes and it is often an asymmetric porous membrane obtained directly 
by the phase inversion method. Plasma polymerization is a process, in which 
gaseous monomers, stimulated through plasma, condense on freely selectable 
substrates as highly cross-linked layers. Interfacial polymerization is a 
polymerization process that occurs at or near the interfacial boundary of two 
immiscible solutions, with monomer in one solvent reacting with monomer in 
the other solvent. In-situ polymerization is a process where an appropriate 
monomer is dispersed in the substrates, followed by heat treatment of the 
mixture to induce polymerization. 
All the membranes prepared in the present study were obtained 
through the immersion precipitation phase inversion method. For this reason, 
the phase separation process by immersion precipitation will be discussed in 
more details below.  
An immersion precipitation method is most commonly used to make 
integrally skinned asymmetric membranes. Most hollow fiber membranes in 
water treatment applications are asymmetric membranes, and most of them are 
prepared by this method. The cast solution contains a membrane-matrix 
polymer dissolved in a solvent, together with other additive as may be needed. 
When the cast solution or sometime called as the dope solution was immersed 
into a liquid which is a non-solvent for the membrane-matrix polymer but 
miscible with the solvent, a membrane with an asymmetric structure, having a 
porous or non-porous skin layer, is formed. The phase separation can be 
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induced by either solvent evaporation or solvent/non-solvent exchange during 
the extrusion of the membrane (Pinnau & Freeman, 1999). At low polymer 
concentrations, nucleation and growth of the polymer-rich phase produces 
polymer powder or low integral polymer agglomerates. On the other hand, 
nucleation and growth of the polymer-poor phase at high polymer 
concentration results in sponge-like cell structure (Pinnau & Freeman, 1999). 
An increase in polymer concentration will slow down the indiffusion of 
nonsolvent into the polymer film, thereby promoting macrovoid formation, 
since on a local scale delayed demixing is promoted. On the other hand, with 
an increase in polymer concentration, the solvent concentration in the 
polymer-lean nucleus necessary to induce delayed demixing is also increased 
(Liu, 2006). 
Typically, the membranes formed through immersion precipitation 
method complete the process within a very short time period (less than a few 
seconds). Thus, careful control of the thermodynamic and kinetic variables of 
the process can lead to different membrane structures. In many cases, the 
porosity, pore size distribution and skin layer thickness can be modified by 
introducing non-solvents such as alcohols and surfactants, inorganic salts such 
as LiNO3 or polymers such as polyethylene glycol and polyvinylpyrrolidone, 
to the casting solution (Pinnau & Freeman, 1999). When in contact with 
nonsolvent, solvent starts to diffuse out of the homogeneous liquid polymer 
film, whereas non-solvent diffuses into the film. The immersion precipitation 
phase inversion method often results in asymmetric membranes with dense top 
layers (porous or nonporous) supported on microporous sublayers. The dense 
top layers are formed because of the fast phase separation rate on the 
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membrane surface since a high amount of nonsolvent is immediately available 
near the surface. In the sublayers of the membranes, large voids are often 
present. It has been suggested that the growth of a macrovoid is inherent to the 
growth of the nucleus (Reuvers, et al., 1987; Smolders & Reuvers, 1992).  
In addition, introducing a solvent to the quench medium or coagulant 
(non-solvent) can result in an increase in the surface porosity and pore size of 
the membrane (Pinnau & Freeman, 1999). Overall, the macrovoids can be 
decreased by the following methods (Beerlage,1994) 
1) Choosing a solvent/non-solvent pair with a lower affinity; 2) adding 
a nonsolvent into the solvent/polymer solution before phase immersion; 3) 
increasing the polymer concentration in the dope solution; 4) applying an 
evaporation step before the immersion in the coagulation bath; and 5) adding 
solvent to the coagulation bath (Liu, 2006). 
For hollow fiber membranes, two coagulants at the outer and inner 
surfaces are applied respectively. The phase inversion behavior at the inner 
side can be significantly different from that at the outer side. As the 
nonsolvent amount in the lumen is small, the rapid out-diffusion of the solvent 
from the polymer solutions may make the lumen solution a mixture of solvent 
and nonsolvent. The solvent concentration in the mixture may be high enough 
to induce delayed phase separation, often resulting in highly porous structures 
at the inner surface layer (Liu, 2006). 
Based on hollow fiber spinning technology, two preparation methods 
can be employed: wet (or dry-wet) spinning, and dry spinning. Since it can 
lead to the formation of almost all membrane morphologies, the dry-wet 
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method is the more popularly used one (Chen, et al., 2006). One of the main 
parameters determining the membrane surface structure is the length of the air 
gap which is the distance between the spinneret outlet and the surface of the 
coagulation bath. Other important parameters influencing hollow fiber 
membrane morphology include dope composition, composition of coagulants, 
spinning temperature, viscosity, pumping rates, and spinneret dimensions. 
Other post-treatments such as chemical cross-linking, addition of 
antiplasticizers, and fluorination can also be applied to the hollow fiber 
membranes according to the various specifically required functionalities (Chen, 
et al., 2006). 
During the dry-wet hollow fiber spinning process, the viscous, 
degassed and filtered polymer dope solution was pumped through the outer 
bore of the spinneret along with the bore liquid which was simultaneously 
provided by a pump through the inner bore of the spinneret. The newly formed 
fiber spent a short residence time in the air (air gap) before being immersed in 
the coagulation bath which was filled, often mainly with tap or deionized 
water as the nonsolvent or coagulant. Then, the solvent/nonsolvent exchange 
took place, and also the precipitation of the membrane polymer occurred in the 
coagulation bath. The take-up velocity of the hollow fiber membrane was 
controlled by a pulling wheel, rotating at a speed which could be adjusted. 
Furthermore, the spun hollow fiber membrane was collected through a rinsing 
bath and a collection bath to remove residual solvent and excess crosslinking 
agent, if any, from the bore flow.  
28 
 
2.4 PREPARING METHODS OF COMPOSITE HOLLOW FIBER 
MEMBRANES 
NF can be combined in a broad range of water treatment systems that 
deliver precise purity levels and attractive process economics at the same time. 
Because of these advantages, the application of NF, along with the scale of its 
implementation worldwide has continued to increase in recent years. (Lu, et al., 
2002)  
In the industrial application of water treatment except desalination, NF 
has been widely utilized for arsenic removal (Urase, et al, 1998), removals of 
disinfection by-product precursors (DBP) and natural organic matter (NOM) 
(Fu, et al, 1994).  
Most of NF membranes developed recently are composite membranes, 
i.e., with an active layer on top of the base membrane. The active layer, 
usually made of a polymeric composition, provides the controlling properties 
to the permeability of the membrane while the base membrane provides 
support functions such as the mechanical strength.  
Techniques for the fabrication of composite membranes may be 
classified in three groups (Baker, 2004; Mulder, 1996): solution coating, 
dynamic coating, and polymerization reactions that include interfacial 
polymerization, plasma polymerization methods and chemical crosslinking 
method (Ba, et al., 2009). In the case of composite membrane, the compounds 
that are used in the active layer may not be extruded directly into the shape of 
a hollow fiber. Therefore, a post treatment stage is usually introduced into the 
preparation process to deposit or chemically cross-link the active or functional 
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material onto the surface of the support hollow fibers (Chen, et al., 2006). 
Each layer of the asymmetric composite membrane can be optimized to 
achieve the desired membrane properties, including the physical and chemical 
properties of the membrane, such as the surface selectivity, permeation, 
strength and chemical stability.  
1) Interfacial polymerization 
Interfacial polymerization can be used to yield NF hollow fiber 
membrane from UF hollow fiber membrane support with good selectivity and 
high flux. The fabrication process however is generally complex and time-
consuming, especially when the treatment of the selective thin layer has to be 
carried out in a sealed module and with two solutions separately. The 
traditional method cannot produce NF hollow fiber membrane in one 
fabrication step, hence lacking flexibility on module construction. The demand 
on the chemicals used in the past treatment stage can also be quite large. 
Therefore, this traditional modification method is in fact not ideal for large 
commercial production of NF hollow fiber membranes or for improved hollow 
fiber membranes. 
2) Grafting 
Grafting may allow the manufacture of NF from UF membranes. The 
grafting method generally is easy to implement and flexible in producing 
specifically tailored membranes. However, the use of high energy exposure 
such as UV or radiation may be expensive. Furthermore, this method is limited 
by the types of polymers it can apply to. So far, few NF hollow fiber 
membranes were modified by grafting due to its instability in long-time use. 
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Therefore, grafting has not been a cost-effective method to produce NF hollow 
fiber membranes that may be used in various applications.   
3) Blending  
Among various techniques to introduce poly-electrolyte into a 
membrane, blending has been one of the most widely used and important 
methods. Polymer blend involves at least two polymers that are a class of 
analogous materials and can be blended together to produce new composite 
material with different physical and/or chemical properties.  It can be 
classified as immiscible polymer blends, compatible polymer blends and 
miscible polymer blends (Strobl, 1996). Due to thermo dynamic reasons, 
many polymer blends are immiscible in most cases, where the application of 
these bends is usually limited because their interfacial properties are usually 
poor. Polymer blending has been widely investigated and preferred in the 
membrane fabrication industry because it could lead to good separation 
performance of the prepared membrane and especially is a simple and often 
effective way to develop novel membrane materials. 
Blending of sulphonated poly ether ether ketone (SPEEK) with 
polyethersulphone (Manea, et al., 2002; Wilhelm, et al., 2002; Balster, et al., 
2005) or polyimide (Arthanareeswaran, et al., 2009b; Maab & Nunes, 2010) 
have been investigated by a number of researchers. Bowen et al. investigated a 
blend of SPEEK and PS to make  NF membranes for salt rejection (Bowen, et 
al., 2001b) as well as for water purification (Bowen, et al., 2002a). Lau et al. 
also prepared NF membranes by blending SPEEK with PES (Lau, et al., 2009). 
They investigated the morphological and electrical properties of the prepared 
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membranes with different sulphonation degrees of SPEEK. The sulfonated-
polymers blended with PS generated membranes, displaying irregular 
macropores and finger-like pore structures. 
Liang et al. showed that the blend of polyethersulfone (PES) and 
polyimide (PI) was miscible within a thorough range of the compositions 
(Liang, et al., 1992). Ekiner patented PES-PI membranes for gas separation 
(Ekiner, 1995). Khulbe et al. (2003) studied the morphology and contact angel 
of the surface of the hollow fiber membranes based on the blend of PES-PI at 
the composition of 80/20 wt.% and the composition of 35 wt.% in NMP. They 
showed that the air gap in the dry-wet spinning process greatly influenced the 
surface morphology and the selectivity of the prepared hollow fiber 
membranes. Mansourpanah et al. (2010) reported that the hydrophobic 
properties and the surface morphology were changed by the modification of  
PES/PI blend membranes with EDA (ethylenediamine), PEG-triazine (Poly 
ethylene glycol- triazine) and TMA (trimethylamine) crosslinker respecitively .  
P84 and PES are very attractive polymers in modern membrane 
fabrication. Their advantages in mechanical properties, chemical and pH 
stability and economic cost encouraged many studies involving them. Past 
efforts have focused on making P84 hollow fiber membranes for the 
applications mostly in gas separation, pervaporation or liquid filtration. 
Although polymer blending may increase the hydrophilicity and may 
be a simple method for new membrane materials, the limited miscibility 
among different polymers impedes its wide development. Often a thin and 
stable selective layer is still needed to improve the selectivity and chemical 
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resistance of the prepared membranes. Although there are new methods to spin 
dual layer or multilayer hollow fiber membranes from different materials 
(without using a blend), the products are often vulnerable to long term stability 
due to the poor adhesion between or among the layers.  
4) Chemical crosslinking 
Crosslinking of the polymeric top layer of a membrane has been found 
to be an effective method in increasing a membrane’s stability and selectivity 
(Pinnau & Freeman, 1999). The crosslinking of polyimide with polyamine is 
of extreme interest by many researchers, because the crosslinking is easily 
achieved through reaction with the amine groups and high contents of amine 
groups can make the membrane surface more hydrophilic and positively 
charged (Sun, et al., 2010). Ba et al. prepared a novel positively charged NF 
membrane by using branched polyethyleneimine (PEI) to chemically modify 
P84 copolyimide asymmetric membranes (Ba, et al., 2009). Chemical 
crosslinking has found to be a reliable and effective modification method. It 
does help not only improve the performance of existing membranes, but also 
enable the fabrication of thin film composite NF membranes. However, the 
crosslinking modification process is usually carried out in the post treatment 
on the porous support membranes. Even new methods may be proposed to 
simplify the steps and attempted to integrate the modification with the 
spinning of hollow fiber membrane, hollow fiber membranes produced by 
those methods have been rather limited and uncommon in their applications.  
Based on the various modification methods reviewed above, the 
chemical crosslinking method will be selected in this study, due to its huge 
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potential in producing high performance hollow fiber membranes for various 
applications and its ease of operation. By comparing some common polymers 
that are suitable and effective by crosslinking modification, this study will 
choose polyimide, in particular P84, and polyethersulfone, PES to be the main 
membrane matrix polymers for preparing UF and NF hollow fiber membranes 
in this study. 
However, the traditional methods to make composite membranes, 
especially for NF, for example,  need multiple process for preparation, which 
generally consumes more time and energy as well as is more expensive in the 
membrane manufacturing (Baker, 2004; Mulder, 1996). 
2.5 POLYIMIDE P84-BASED HOLLOW FIBER MEMBRANES 
AND ITS APPLICATIONS IN WATER TREATMENT  
There are many polymers available for fabricating hollow fiber 
membranes. Among all, polyimide has caught the broad attention. P84 is the 
latest available polyimide with high thermal stability, and also shows good 
chemical resistance over a wide range of pH in harsh solvents such as toluene 
and ketone. So far, P84 has been used in UF, NF, gas separation or 
pervaporation (Qiao, et al., 2005; Li, et al., 2006).  
P84 is a co-polyimide of 3̖3´4 ̖4´-benzophenone tetra-carboxylic 
dianhydride with 80% toluenednsocynate and 20% 
methylphenylenediisocyanate. P84 possesses high thermal stability with a 
glass transition temperature (Tg) of 315 ºC and good chemical resistance in 
harsh organic solvents (Gao, et al., 2014). Sun et al. reported that the PEI 
cross-linked P84membranes have higher salt rejections rate when the 
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molecular weight of PEI is higher (Sun, et al., 2011). The cross-linked P84 
with PEI could provide a source of positive surface charges in the prepared 
membrane.  
Polyimide possesses strong thermal stability as well as excellent 
mechanical property (Mansourpanah, et al., 2010). There are three different 
methods involved in the chemical crosslinking of polyimides: (i) synthesis of 
branched polyimides, (ii) synthesis of polyimides incorporating cross-linkable 
functional groups, (iii) crosslink reaction with carbonyl groups using diamines 
(Powell, et al., 2007). Recently, researchers also reported that polyimide 
membranes cross-linked with polyethyleneimine (PEI) have shown great 
potential for NF application due to the reasons as: (i) most polyimide polymers 
are thermally stable, mechanically strong and chemically durable (Gao, et al., 
2014), (ii) the carbonyl groups of the imide rings of the polyimide can be 
easily cross-linked with PEI, (iii) the cross-linked membrane has  heightened 
chemical resistance in harsh organic solvents or even under extreme pH 
conditions, (Gao, et al., 2014; Ba, et al., 2009), and (iv) a positively charged 
membrane can be prepared via the PEI crosslinking method by introducing 
amine groups on the surface of the membrane. The positively charged surface 
layer of the membranes can reject cations through the Donnan exclusion 
mechanism, other than the size exclusion one in conventional membranes, and 
provide higher rejections of salts, especially to multi-valent ions (Sun, et al., 
2011; Cheng, et al., 2011; Ba, et al., 2009). 
Xing et al. (Xing, et al., 2013) blended PBI (poly-2, 2’-(m-phenylene)-
5, 5’-bibenzimidazole) with P84 to produce UF membranes. It was found that 
the introduction of P84 in the blend system not only lowered the overall 
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viscosity for easier fabrication of the membrane, but also promoted the 
formation of a macrovoid-free morphology. The blended membrane increased 
pure water flux by 50% and obtained larger pore sizes.  
Furthermore, Ba et al. (Ba & Economy, 2009) modified the surface of 
P84 copolyimide (BTDA-TDI/MDI) flat sheet membrane with amine and/or 
ammonium groups by branched polyethyleneimine (PEI) material to prepare 
positively charged NF membranes. It has been shown that the modified 
membrane showed a 50.9 ± 5.1% salt rejection rate to a 2.0 g/L NaCl solution 
at 13.8 bar. It was also reported that the functionalized membranes displayed a 
highly efficient removal for multivalent heavy metal ions (>95%) and would 
potentially be useful for industrial wastewater treatment. The membrane with 
positive charges was further modified by the adsorption of negatively charged 
polyelectrolytes (Ba, et al., 2009). 
Gao et al. (2014) prepared positively charged NF membranes through 
chemically cross-linking P84 porous hollow fiber substrates with 
hyperbranched PEI 60000. The post treatment of the porous support hollow 
fiber membranes was carried out with hot (70°C) PEI/isopropanol/water 
solution in a cross-flow set-up. The produced hollow fiber membrane was 
shown to effectively removed heavy metal ions. The rejections of MgCl2 and 
Pb(NO3)2 increased with an increase in the transmembrane pressure. By 
optimizing the transmembrane pressure and solution pH, they achieved an 
optimal rejection of Pb(NO3)2 at 91.05% by the membrane. However, the 
method was quite demanding to be conducted. 
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2.6 POLYETHERSULFONE (PES) BASED HOLLOW FIBER 
MEMBRANES AND ITS APPLICATIONS IN WATER 
TREATMENT 
PES is one of the most commonly used materials that show excellent 
thermal, chemical and mechanical properties, as well as thin film forming 
property in the membrane manufacturing industry. However, the hydrophobic 
property of PES causes low water permeability, which can limit its application 
scopes in some situations (Ananth, et al., 2012). 
PES has widely been used in practice for the preparation of MF, UF, 
gas separation, oil and water separation membranes or as the support 
substrates for NF membrane preparation. The favorable characteristics of PES 
in wide temperature range, wide pH tolerance, good chlorine resistance, good 
chemical resistance to aliphatic hydrocarbons, acids and alcohols as well as in 
processing flexibility have made this material a popular choice in modern 
membrane fabrication.  
Rahimpour et al. (2010) prepared two types of PES based NF 
membranes: whole-integrally asymmetric membrane with 
polyvinypyrrolidone (PVP), polyethyleneglycol (PEG), acrylic acid and Triton 
X-100 as additives in the casting solution; and thin film polyamide composite 
membrane through interfacial polymerization between 1,3-phenylenediamine 
(PDA) with trimesoyl chloride (TMC). Both membranes were tested with 
NaCl and MgSO4 salt solution. The results indicated that PES NF membrane 
with higher performance can be prepared by adding those additives in the 
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casting solution. Also, the produced thin film composite NF membranes 
provided higher capability for water softening.  
Mansourizadeh and Azad (2014) prepared blend PES/CA hydrophilic 
membranes by the phase-inversion process for oil–water separation. PEG-400 
was introduced into the polymer solution to enhance phase-inversion and 
produce high permeability membranes. They found that the prepared PES/CA 
membrane contained thinner outer skin layer, and had higher surface porosity 
with larger pore sizes. In the oil–water separation test, the PES/CA membrane 
obtained a stable oil rejection of 88 % and a water flux of 27 Lm-2s-1 after 
150 minutes of the operation. By controlling some fabrication parameters, they 
found that the prepared membrane structure with high hydrophilicity, high 
surface porosity and low flow resistance can be achieved to improve the oil 
rejection and treated water productivity. 
For the PES based NF hollow fiber membrane, some studies were also 
carried out by Zhu et al. (2014). They designed and characterized a high 
performance dual-layer NF hollow fiber membrane for efficient removal of 
heavy metal ions (Cd2+, Cr2O72-and Pb2+) from model wastewater. The dual 
layer hollow fiber membranes were fabricated by the co-extrusion of 
polybenzimidazole (PBI) and PES/polyvinylpyrrolidone (PVP) dopes through 
a triple-orifice spinneret using the dry-wet phase inversion process. PBI was 
chosen as the outer selective layer while PES/PVP blend was used as the 
support layer due to its reasonable cost, superior spinnerablity, hydrophilic 
nature and good mechanical strength. The rejections of the prepared 
membrane to Mg2+ and Cd2+ achieved 98% and 95% efficiency, respectively. 
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By adjusting the pH of the solution, they achieved the rejections of Cr2O72-and 
Pb2+ at 98% and 93% by the membrane. 
Bolong et al., (2010) studied the removal of endocrine disrupting 
compounds such as bisphenol A (BPA). They made charged PES hollow fiber 
NF membranes by blending negatively charged surface modifying 
macromolecule (cSMM) with PES. The result showed a more than 90% 
removal of BPA. They explained the result as a consequence of the negatively 
charged properties of the NF membrane interacted with the negatively charged 
solute under the condition of higher pH in the feed water.  
2.7 REMOVAL OF HUMIC ACID 
Humic acid is derived from decayed organic matters and is often found 
in some ground water and surface waters. Humic acid can be extracted from 
soil by various reagents and are insoluble in dilute acid.  
Since humic acids can result in the formation of disinfection by-
products-trihalomethanes (THMs) which is harmful to human beings and can 
promote microbial regrowth in the distribution systems (Gallard, et al., 2002), 
the removal of humic acids in water supply has been considered as aa 
important issue in the production of high quality drinking water from surface 
water (Peters, et al., 1980;  Gallard, et al., 2002; Hong, et al., 1997). Therefore, 
the effective removal of humic acids from water has attracted a great research 
and practical interest in water purification and its technology development. 
Usually NF or RO membranes in spiral-wound models are used to remove 
humic acids (Fu, et al., 1994; Hong, et al., 1997), which is usually very 
expensive. Therefore, it is desirable to develop appropriate UF membranes 
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with high permeation flux and low fouling tendency but satisfactory efficiency 
in the removal of humic acid. 
Recently, a number of researchers have investigated the removal of 
humic acid from aqueous solutions with the membrane separation technology 
(Maartens, et al., 2000; Siddiqui, et al., 2000; Miekeley, et al., 1994; O’Melia, 
et al., 2001; Kuan, et al., 1998; Mozia, et al., 2005; Yu, et al., 2005). Cho et al. 
(2000) found that the thin-film-composite UF membrane with a negatively 
charged surface had a greater NOM rejection than the neutral membrane that 
was made from regenerated cellulose. Wei et al. (2006) showed that modified 
PES membrane surfaces exhibited greater hydrophilic and were more 
negatively charged after the electrophoresis-UV grafting treatment, which 
increased the retention of NOM and decreased the fouling of the membrane, 
attributed to the formation of a thin functional layer on the membrane surface. 
Shim et al. (2002) reported that higher NOM removal and lower fouling were 
achieved by negatively charged UF membranes when they studied the effect 
of natural organic matter (NOM) and ionic species on the surface charge of the 
membrane. A very promising class of charged membranes at the UF/NF 
boundary has been developed by Bowen et al. through blending 0.5-5 wt. % of 
sulphonated polyether ether ketone (SPEEK) with polysulphone (PS) (Bowen 
et al., 2001).  
Therefore, the modification of membrane surfaces via introducing 
hydrophilic or charged groups to improve the rejection properties and reduce 
the fouling tendency can be  a useful approach in the preparation of 
membranes for the removal of humic acid. 
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2.8 REJECTION OF DIVALENT AND MULTIVALENT IONS 
The modification of membranes by introducing surface charges has 
been a popular topic lately in the field of membrane science and technology. 
Recent studies have shown that PEI cross-linked P84 hollow fiber membranes 
can be successfully manufactured through the multi-step crosslinking 
techniques (Gao, et al., 2014). Gao et al. prepared an outer-selective NF 
hollow fiber membrane through spinning followed by crosslinking for the 
removal of Pb2+ (Gao, et al., 2014). Ba et al. (Ba & Economy, 2009) studied 
the modification of the surface of P84 copolyimide (BTDA-TDI/MDI) flat 
sheet membrane with amine and/or ammonium groups with branched 
polyethyleneimine (PEI) material to prepare positively charged NF 
membranes. It was reported that the performance of the membrane after being 
optimized showed salt rejection (2.0 g/L NaCl solution) of 50.9 ± 5.1%. They 
also illustrated that these membranes had high removal efficiency for the 
multivalent heavy metal ions such as Cu2+, Zn2+, Fe3+, Al3+ , (>95%), and can 
have great potential for the treatment of industrial wastewater. 
Membrane surface charge has a significant impact on the rejection of 
multivalent ions. Mosaic membranes have been considered to offer potential 
possibilities for UF or NF process to remove monovalent and divalent ions 
(Linder, 2001). It was reported that polymeric NF membrane that was both 
positively and negatively charged showed an important role in the retention of 
salts. Peeters et al. (1998) conducted retention measurements with single salt 
solutions of CaCl2, NaCl and Na2SO4. Feng and co-workers (2014) prepared a 
novel composite NF membrane with positive surface charges. PEI was 
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supramolecularly assembled on the surface of the PAN (polyacrylonitrile) 
membrane substrate, followed by crosslinking reaction. The salt rejections of 
the prepared PAN/PEI NF membrane were: 92.82% for MgCl2, 69.76% for 
MgSO4 and 61.31% for NaCl. Laurentia Setiawan et al. (2011) fabricated a 
positively charged nanofiltration-like selective layer for hollow fiber 
membranes. They utilized asymmetric microporous hollow fibers made of 
Torlon® polyamide–imide (PAI) material as the porous substrate. Then, the 
hollow fiber membrane was reacted with polyethyleneimine (PEI) as a 
polyelectrolyte post-treatment. The membrane structure and surface property 
were carefully tailored by adjusting polymer dope composition, spinning 
conditions and the post-treatment parameters. The prepared PAI FO hollow 
fiber membranes with a NF-like skin have a high pure water permeability of 
2.19-2.25L/m2 h bar and showed good performance for multivalent heavy 
metal removal (94% for MgCl2 at 1 bar). Cross-linked PAI/PEI NF hollow 
fiber membrane for ciprofloxacin removal was prepared by using the 
crosslinking solution (PEI) to flow through the shell side of the PAI hollow 
fiber membranes in a hollow fiber membrane module (Sun, et al., 2011). It 
was reported that after modified with PEI, the NF performance can be 
significantly influenced; especially for the membrane pore size which was 
reduced dramatically after PEI induced cross-linking.  
Bowen et al. (2001) carried out the study in the blend of PS and 
SPEEK to make high permeability membranes that were capable of rejecting 
almost 100% against 4 kDa dextrans. The sulfonation of membrane materials 
has been one of the most straight-forward and effective techniques to enhance 
the negative charge and hydrophilicity of the prepared membranes. The 
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different ion exchange capacity of the materials can be utilized to obtain 
strong cation exchanger property. Polymers, such as PS, PES and PEEK, have 
been successfully and widely used in membrane formation (Manea, et al., 
2002; Wilhelm, et al., 2002; Arthanareeswaran and Mohan, et al., 2007; 
Arthanareeswaran, 2009a, 2009b; Arthanareeswaran and Thanikaivelan, et al., 
2007; Maab, et al., 2009; Maab & Nunes, 2010; Balster, et al., 2005; Nymeijer, 
et al., 2004; Yi, et al., 2009; Peer, 1989; Kaliaguine, et al., 2003; Nakao, et al., 
1988; He, et al. 2008; He, et al. 2002; Bowen, et al., 2001; Lau, et al., 2009; 
Bowen, et al., 2005; Bowen, et al., 2002b; Li, et al., 2008). Furthermore, 
Blanco et al. (2006) prepared NF membranes by sulfonated of PS, and PES at 
different coagulation conditions. The sulfonated-polymers, blended with PS, 
generated membranes that displayed irregular macropores and a finger-like 
structure. As mentioned earlier, charged membranes at the UF/NF boundary 
were successfully prepared by blending 0.5-5 wt. % of sulphonated polyether 
ether ketone (SPEEK) with PS (Bowen, et al., 2001). In comparison with the 
base (PS), besides reducing particle adhesion, PS/SPEEK blend membranes 
had substantially higher water flux and salt rejection. The involvement of 
negative charge in the fabrication of sulphonated polymers has been one of the 
most discussed issues in various researches focusing on membrane 
technologies.  
2.9 SIGNIFICANCE OF THIS STUDY  
Based on the above review on the traditional or current fabrication and 
modification method for composite membranes, they need multiple steps for 
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fabrication, which generally consumes more time and energy (Baker, 2004; 
Mulder, 1996). 
The fabrication of P84 into hollow fiber NF membranes has been very 
limited. Two potential challenges are associated with such membrane 
fabrication: 1) the preparation of composite hollow fiber membrane is 
sophisticated, especially for making NF membrane with a thin surface 
selective layer; and 2) the modification of membrane surface usually involves 
post treatment in a separate step, making it time consuming and costly. 
Although dual layer or even triple layer hollow fiber membranes by using 
triple orifice spinneret may be produced in one fabrication step, the miscibility 
between the different polymers and the adhesion between the layers usually 
present a problem of poor physical stability, especially for membrane 
performance in the long run. Novel modification by crosslinking in the 
coagulant bath or during the take-up operation seems to eliminate the post 
treatment and simplify the preparation process. However, to ensure effective 
crosslinking in the coagulation bath, large quantities of crosslinking agents are 
needed and most of them are eventually wasted. It is therefore not a favorable 
practice in large commercial production of hollow fiber membranes. More 
recently, Kopeć et al. (2011b) have reported a method of making hollow fiber 
membrane by a one-step simultaneous phase inversion and crosslinking 
spinning process. Their attempt was focused on hollow fiber membranes for 
gas separation. This work adopts their innovative method to make P84 and 
P84/PES based hollow fiber membranes that are able to acquire UF or NF 
characteristics in the one-step spinning method. Successful preparation of UF 
and NF hollow fiber membranes in one spinning process will open new 
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perspectives for researchers and industries. The cost-effectiveness and 
simplicity associated with this method will not only bring benefits to scientific 
studies on hollow fiber membranes, but also, more importantly, largely reduce 
the capital cost for NF and UF applications in water treatment, such as for 
water softening and removal of organic pollutants. In particular, the increasing 
demands on NF membranes promote the development in more cost-effective 
and eco-friendly fabrication process.  
The inner surface layer of the fabricated hollow fiber membrane will 
be the selective layer in this study. The novel hollow fiber membranes were 
manufactured in the one-step spinning process was achieved by dissolving a 
reactive polymer agent in the bore liquid, causing a chemical crosslinking with 
the base membrane forming polymer. This is in contrary to the current 
techniques of fabricating composite hollow fiber membranes, the crosslinking 
occurs in an additional process, but not directly in the spinneret during the 




CHAPTER 3 A NOVEL METHOD TO FABRICATE 
POLYIMIDE HOLLOW FIBER MEMBRANES 
THROUGH THE ONE-STEP SIMULTANEOUS 
PHASE INVERSION AND CROSS-LINKING 
PROCESS IN THE SPINNERET FOR POTENTIAL 
WATER TREATMENT APPLICATION  
Summary  
A P84/PEI hollow fiber membrane was prepared by the one-step 
method on the basis of controlled crosslinking during phase inversion between 
the membrane forming polymer P84 and the crosslinking agent PEI. PEI was 
dissolved in the bore liquid to incur cross-linking reaction simultaneously with 
the formation of the hollow fiber membrane. This reaction led to the interplay 
between the phase inversion (the mechanism of membrane formation) and the 
crosslinking (the mechanism of membrane modification). It was demonstrated 
that both the concentrations and the molecular weight (MW) of PEI in the bore 
liquid affected the extent of crosslinking in the interplay, as well as affected 
the performance of the prepared hollow fiber membranes. By carefully 
controlling the interplay mentioned above, one can manipulate the final 
morphology and surface chemistry of the hollow fiber membranes obtained. 
With this advantage, it is a considerably attractive idea to use the one-step 
fabrication method to prepare membranes for different filtration functions 
such as both UF and NF. The results showed that the membrane forming 
polymer P84 and the cross-linking chemical poly (ethylene imine) (PEI) were 
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a good pair of materials for the one-step fabrication process. This is in contrast 
to the existing technique for polyimide P84 membranes that were usually 
modified by crosslinking in a post-treatment process. 
3.1 INTRODUCTION 
Traditionally, polymeric composite membranes have often been 
prepared by modifying the base membrane with various methods (Baker, 2004; 
Mulder, 1996): solution coating, polymerization reactions (including 
interfacial polymerization and plasma polymerization) and dynamic coating 
with another polymer to form an active surface layer. Usually, the compounds 
that are used for the active layer would not be directly extruded into the 
hollow fiber membranes due to various reasons such as cost, physical or 
chemical stability consideration. Therefore, a post treatment stage is 
introduced into the preparation process to deposit or chemically cross-link the 
active compounds onto the surface of the base hollow fiber membranes (Chen, 
et al., 2006). Each layer of the composite membranes may be optimized to 
achieve the desired membrane surface or structural properties, including 
various physical and chemical properties of the membranes, such as the 
selectivity, permeability and chemical stability. This process can lead to 
membranes with higher separation efficiency but at lower transportation 
resistance. 
Recent studies have shown the successful preparation of 
polyethyleneimine (PEI) cross-linked P84 hollow fiber membranes by the 
multi-step method (Gao, et al., 2014). The developed hollow fiber membrane 
possessed the NF function and was examined for the removal of Pb2+ (Gao, et 
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al., 2014). Ba et al. (2009) also modified the surface of P84 copolyimide 
(BTDA-TDI/MDI) flat sheet membrane through cross-linking reaction with 
amine and/or ammonium groups in branched polyethyleneimine (PEI) 
compound to prepare positively charged membranes for nanofiltration. They 
reported that the performance of the obtained membrane after being optimized 
in the crosslinking conditions showed a salt rejection rate up to 50.9 ± 5.1%. 
They also illustrated that these membranes had higher removal efficiency for 
multivalent heavy metal ions (>95%) and hence have great potential for the 
treatment of many industrial wastewaters. 
Surface charge of a membrane has a significant impact on the rejection 
of multivalent ions. Thus, mosaic membranes may offer the potential 
possibilities for ultrafiltration or nanofiltration membranes to  remove some 
monovalent and divalent ions (Linder, et al., 2001). Peeters et al. (Peeters, et 
al., 1998) did salt retention measurements for single salt solutions of CaCl2, 
NaCl and Na2SO4. Their results confirmed that polymeric nanofiltration 
membrane that has both the positive and negative charges indeed played an 
important role in the retention efficiency. Feng and co-workers prepared a 
composite NF membrane with positive charges by asesembling PEI 
supramolecules on the surface of the PAN (polyacrylonitrile) substrate 
membrane through crosslinking reaction. The salt rejections of this PAN/PEI 
NF membrane achieved 92.82% for MgCl2, 69.76% for MgSO4 and 61.31% 
for NaCl (Feng, et al., 2014). Setiawan et al. (Setiawan, et al., 2011) also 
investigated the preparation of a positively charged nanofiltration selective 
layer on microporous hollow fiber membranes. They utilized asymmetric 
microporous hollow fiber membrane made of Torlon® polyamide–imide (PAI) 
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material as the porous substrate, following by using polyethyleneimine (PEI) 
for crosslinking in a post-treatment. They showed that the membrane structure 
and surface property can be carefully tailored by adjusting the polymer dope 
composition, spinning conditions and the post-treatment parameters. Others 
also prepared cross-linked PAI/PEI NF hollow fiber membrane for 
ciprofloxacin removal by using the crosslinking solution (PEI) flowing 
through the shell side of the PAI hollow fiber membranes as the substrate in 
the hollow fiber membrane module (Sun, et al., 2011). 
From the above review, it is clear that traditional methods to prepare 
composite membranes need mutiple steps for fabrication, which usually 
obtains a microporous UF base membrane, and then modifies it by surface 
crosslinking to achieve the NF function, a practice that is not only tedious but 
also generally consumes more time and energy (Baker, 2004; Mulder, 1996). 
The work of this chapter investigates the one-step preparation method 
to directly obtain polymeric ultrafiltration or nanofiltration hollow fiber 
membrane in the same process. The method is based on a controlled 
crosslinking reaction between a membrane forming polymer P84 and a 
crosslinking agent PEI in the spinneret during the spinning of the hollow fiber 
membrane. PEI was dissolved in the bore liquid, to induce crosslinking with 
P84 simultaneously along with phase inversion for the membrane formation. 
This process leads to the interplay between the phase inversion (the 
mechanism of membrane formation) and the crosslinking (the mechanism for 
membrane modification). By changing the concentration and molecular weight 
of PEI in the bore liquid, one can control the degree or extent of crosslinking 
in the interplay, which in turn affects the formation of the hollow fiber 
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membrane. Thus, the final morphology and property of the prepared hollow 
fiber membrane can be manipulated by controlling the two processes in the 
interplay, leading to either a UF or NF membrane to be obtained in the same 
one-step fabrication process. This is particularly an advantage, and is attractive 
when to spin hollow fiber membranes for nanofiltration function.  
The chemical structures of the membrane forming polymer P84 and the 
chemical crosslinking agent poly (ethylene imine) (PEI) used in this study, the 
proposed crosslinking mechanism between the amine groups of the PEI and 
the carbonyl groups of the imide rings of the P84 are schematically shown in 




Figure 3.1 A schematic diagram showing the chemical structures of P84 
and PEI and the possible crosslinking mechanism between P84 and PEI 






























































Crosslinked P84 by PEI 
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3.2 EXPERIMENTAL PROCEDURE 
3.2.1 Materials 
Polyimide, type P84 (325 mesh, STD), kindly supplied by HP polymer 
Gmbh, Austria, was used as the base membrane forming polymer. N-methyl-
2-pyrrolidinone (NMP, 99% extra pure) supplied by Acros Organics (Belgium) 
was used as the solvent. Poly (ethylene imine), or PEI, of high molecular 
weight (Mw~25000g·mol-1; Mn~10000g·mol-1; containing 34% primary 
amines, 40% secondary amines, and 26% tertiary amines), water-free, was 
supplied by Sigma-Aldrich and was used as the crosslinker. Branched PEI 
solution (Mw~750000 g·mol-1, Mn ~ 60000, 50 wt. % in H2O) was also 
purchased from Sigma and used without any further purification as the 
crosslinker to study the effect of different PEI. Purified water from a Milli-Q 
system was used to prepare the coagulant in some cases. Glycerol and ethanol, 
both of analytical grade, were purchased from Merck and used in the polymer 
dope solution or the bore liquid as needed. For ultrafiltration experiments, 
humic acid in sodium salt, technical grade, supplied by Sigma Aldrich 
(Germany), was used as a model natural organic matter (NOM) to test the 
separation performance of the prepared hollow fiber membranes. For 
nanofiltration test, sodium chloride (NaCl, ≥99%), magnesium chloride 
(MgCl2.6H2O), sodium sulfate (Na2SO4, anhydrous), and magnesium sulfate 
(MgSO4) were purchased from Adrich and Deionized water (18 MΩ/cm, 
Millipore Milli-Q) was used to prepare each salt solution for the separation 
experiments. All chemicals or reagents were used as purchased without any 
further purification, unless otherwise mentioned.  
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 3.2.2 Fabrication of hollow fiber membrane 
The polymer P84 was first dried in a vacuum oven at 30°C for 24 
hours. The polymer dope solution that was prepared by mixing NMP (66% 
w/w) with glycerol (10% w/w) in a glass flask, followed by the addition of 
P84 (24% w/w), was stirred at room temperature for 48 hours. Then, the dope 
solution was filtered through a stainless steel mesh filter (25 μm) under 
pressure supplied by a compressed nitrogen gas cylinder to remove any 
undissolved particulate impurities in the dope. The filtered dope solution 
contained in the dope tank was degassed for 24 hours to remove any entrapped 
air bubbles in it. Bore liquid was prepared according to certain desired 
compositions (see Table 3.1 latter) and the contents were stirred continuously 
at room temperature for 24 hours and then left for degassing for another 24 
hours. The spinning of the hollow fiber membranes was done through a 




Table 3.1 The parameters used to prepare the different types of hollow 




Bore liquid composition (wt. %) Shell liquid composition (wt. %) 
I-0 50 Glycerol, 50 Ethanol - 
I-1 5 PEI (MW25000), 47.5 Glycerol, 47.5 Ethanol - 
I-2 10 PEI (MW25000), 45 Glycerol, 45 Ethanol - 
II-1 10 PEI (MW25000), 45 Glycerol, 45 Ethanol 75 NMP, 25 H2O 
II-2 10 PEI (MW750000), 45 Glycerol, 45 Ethanol 75 NMP, 25 H2O 
 
III-1 10 PEI (MW750000), 45 Glycerol, 45 Ethanol - 
III-2 10 PEI(MW750000), 10 Water, 80 NMP - 
Polymer dope: 24 % (w/w) P84, 10 % (w/w) glycerol, 66 % (w/w) NMP 
External coagulant: tap water, 22Ԩ 
Spinning parameters 
Dope solution, ml/min 3.51 
Bore liquid, ml/min 3.38 
Air gap length, cm 8 
Take-up speed, m/min 2.55 
Humidity, % 40 
 
 
(a)                                               (b) 
Figure 3.2 Schematics of the spinnerets: (a) dope solution with bore liquid, 
and (b) dope solution with bore liquid and shell liquid 
Dope Solution 
Dope Solution 






Figure 3.3 Schematics of the hollow fiber membrane spinning system 
 
The hollow fiber membrane was prepared through the dry-wet 
spinning process (see Figure 3.3). The viscous, degassed and filtered polymer 
dope solution was pumped by a gear pump through the outer bore of the 
spinneret along with the bore liquid, and optionally with the shell liquid,   
which was simultaneously provided by a pump through the inner bore as well 
as the shell side of the spinneret.  The newly formed hollow fiber membrane 
spent a short residence time in the air (air gap) before was immersed in the 
coagulation bath which was full of mainly tap water as the nonsolvent or 
external coagulant in this case, and where the solvent/nonsolvent exchange 
took place, resulting in the precipitation or phase inversion of the membrane 
formation polymer. After passing through the rinsing bath, the hollow fiber 













membrane was taken up by a pulling wheel that rotated at a speed which was 
controlled as desired and can be adjusted.  
In both the rinsing bath and the collection bath, residual solvent was 
further removed and excess crosslinking agent from the bore flow was also 
removed in the collection bath. The spun hollow fiber membrane was left in a 
tap water container for another 72 hours. Afterwards, to prevent the porous 
structure of the obtained hollow fiber membrane from collapsing upon drying 
before being used for making test membrane modules, the hollow fiber 
membrane was impregnated in a mixture of glycerol solution (20 wt.%) and 
water for 48 hrs. Finally, the hollow fiber membrane was taken out and dried 
in the air. The washing, drying and storage procedures may be shown in 
Figure 3.4.  
 
 
Figure 3.4 Post spinning procedures in hollow fiber membrane 
preparation 
 (Kopeć, 2011) 
 
During the spinning of the hollow fiber membrane, the bore liquid, 
which was a mixture of non-solvents and the crosslinking chemical, induced 
precipitation or phase inversion of P84 and the crosslinking of P84 with PEI, 
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thus forming the internal surface and its sub-structure of the hollow fiber 
membrane. The internal surface of the prepared hollow fiber membrane was 
the separation layer in this study. 
Various batches of hollow fiber membranes were fabricated through 
the one-step dry-wet spinning process by varying the compositions of the bore 
liquid as well as the shell liquid in some experiments. Seven batches of the 
hollow fiber membranes were prepared in this part of the study to prove the 
concept. Table 3.1 lists the different batches and their experimental parameters 
used for spinning the hollow fiber membranes. The reference P84 hollow fiber 
membrane, I-0, was spun first, without the crosslinking chemical in the bore 
liquid. Then, another two batches of P84/PEI (PEI at MW25000, No shell 
liquid) hollow fiber membranes (i.e., I-1 and I-2) were fabricated by varying 
the concentration of the crosslinking chemical PEI in the bore liquid (at 5 wt.% 
or 10 wt.%). For the category II, hollow fiber membranes were spun with PEI 
at 10 wt. % in the bore liquid but at two different PEI molecular weights (i.e., 
MW25000 for II-1 and MW750000 for II-2). Both II-1 and II-2 also had a 
shell liquid provided during the spinning process. Other two batches marked 
as category III were fabricated with 10 wt. % PEI (MW 750000) in the bore 
liquid but with different composition of solvent/nonslovent in the bore liquid. 
Each type of the spun hollow fiber membranes was packed into a 
membrane module for the filtration tests. Figure 3.5 shows the example photos 
of the prepared hollow fiber membranes and the membrane modules. 
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Figure 3.5 Photos of A: Produced hollow fiber membrane examples; B: 
Prepared membrane module examples 
 
3.3 ANALYSES AND CHARACTERIZATIONS 
All prepared hollow fiber membranes were analyzed for their 
characterizations, including the morphology using Scanning Electron 
Microscopy (SEM), the surface charge by using Zeta potential measurement, 
membrane surface chemistry by Attenuated Total Reflectance Fourier 
Transform Infrared Spectroscopy (ATR-FTIR), and the permeation properties 
using a constant pressure dead-end filtration set up, etc. 
3.3.1 Scanning electron microscopy 
To obtain the scanning electron microscopic images, the hollow fiber 
membrane samples were frozen dried and broken in liquid nitrogen to ensure 
clean cross section area. Then, the samples were dried in a vacuum oven at 
30C for 24 hr. Before putting a sample on the sample holder for SEM scans, 
it was coated with a thin layer of gold powder using the dedicated Edwards 
S150B sputter coater, followed by the standard analysis procedures. SEM 
images of the spun hollow fiber membranes were acquired using the Hitachi 




accelerating voltage and 16.3mm working distance with quartz software for 
determination of the fiber’s dimensions. The inner and outer diameters of each 
type of the hollow fiber membranes were determined by measuring four pieces 
of the fibers from the same batch and the average was reported. The entire 
cross-sections of the hollow fiber membranes were captured at lower 
magnifications and partial cross-sections on the bore side was captured at 
higher magnifications, to show more details on any changes that may occur on 
the surface and sublayers. 
3.3.2 Measurements of pure water flux  
The hollow fiber membrane module, as shown in Figure 3.5 B, was 
used for testing. The experiments to measure pure water flux were carried out 
at room temperature (25 ℃) in a dead-end filtration setup as shown in Figure 
3.6. Six pieces of the hollow fiber membranes in each type, with the length 
around 35 cm, were assembled into the test module. In the measurement, ultra-
pure water was first used to wash away any remaining glycerol on the 
membrane surface before the characterization measurement of the pure water 
flux. The compressed nitrogen gas cylinder was used to supply the feed 
pressure for the filtration test. The weight of the permeate was recorded 
automatically by an electronic balance connected to a programmed computer. 
At each operation pressure, the stabilized permeate rate was obtained. The 
membrane’s permeance rate was obtained from the slope of its permeate 






Figure 3.6 Schematic diagram of the filtration set-up used in this study 
 
3.3.3 Measurements for retention of humic acid in solutions 
Feed solution containing humic acid was prepared with ultra-pure 
water with a humic acid concentration of 20 mg/L and used in the experiments 
to examine the separation performance of the prepared hollow fiber 
membranes that may display UF performance. 
A specific equipment, Osmo Inspector 2, that can be used to accurately 
and reproducibly perform filtration and backwash runs, was used in the 
experiments; see Figure 3.7. The setup was specifically designed for constant 
flux dead-end filtration. It used two high precision mass flow controllers to 
measure and to control the feed and backwash flow. The control software, 
which was programmed for this setup using Labview 7.0 (National 
Instruments), allowed fully pre-programmed filtration and backwash runs in 
normal operation mode. For retention, the same setup was used, but the 













Figure 3.7 A photo showing the sample of humic acid solution and the 
equipment, Osmo Inspector 2, used for the filtration of humic acid 
solution 
 
The flow diagram of the system set-up with filtration and backwashing is 
shown in Figure 3.8. Temperature (T) and pressure (P) of both the feed and 
permeate were measured. Numbered valves can be programmed and operated 
by the control software. In the test, the hollow fiber membranes were flushed 
with ultra pure water in dead-end mode for 2 hours before humic acid 
filtration conducted. A 5L feed solution containing 20 mg/L of humic acid in 
ultra pure water at pH of 7.5 at 0.5 L/h constant flow rate was then used to test 
the separation performance of the prepared hollow fiber membranes. The 
solution pH value was adjusted using a few drops of HCl or NaOH. The 
experimental procedure involved 5 circles of dead end filtration for 55mins 
and backwashing for 5 mins. During backwashing, distilled water was pumped 
from the outer side of the fiber to inside. The feed solution passed through the 
hollow fiber membrane (in the inside-out mode) and the permeate flowed was 




Figure 3.8 Schematic of the filtration set-up in dead-end mode with 
backwashing operation  
 
GENESYS 10S UV_VIS, Ultraviolet (UV) absorption spectroscopy 
was used for the analysis of the concentration of humic acid in the filtration 
experiments. In the UV method, the sample was taken and placed in a 4 mL 
quartz cuvette and the UV absorbance values of the samples were measured at 
a wavelength of 254nm. 
To relate the UV absorbances with humic acid concentrations, a 
standard calibration curve of UV 254 nm absorbance versus weight 
concentration of humic acid in water solution was established, which gave: 
Abs=0.0254C                                        (3.1) 
where Abs is the UV254nm absorbance and C is the concentration of 
humic acid in mg/L. Therefore, the concentration of humic acid in a sample 














can be obtained from the UV254nm absorbance value. The retention for humic 
acid by the hollow fiber membrane can then be calculated by: 
 
retention ൌ ቀ1 െ େ౦େ౜ቁ ൈ 100%                  (3.2) 
in which C୤ (mg/L) and C୮ (mg/L) represent the concentrations of humic acid 
in the feed and permeate, respectively. 
3.3.4 Measurements of salt rejection from aqueous solutions 
Desalination performance of those hollow fiber membranes showing 
NF performance was preliminarily evaluated with the single salt retention 
experiments at a transmembrane pressure (TMP) of 6 bar. Four salt solutions 
containing NaCl, MgCl2, MgSO4, and Na2SO4, respectively, were prepared 
with a concentration of 0.005M. The retention measurements were carried out 
in a dead-end mode filtration set-up as described early and as shown in Figure 
3.6. The feed pump supplied the needed feed pressure for the filtration tests.  
For a specific experiment, the prepared hollow fiber membrane module 
was first permeated with pure water for 1 h. Then, the feed was switched 
instantaneously from pure water to one of the prepared salt solution. The 
concentrations of salts in the feed and that in the permeate were measured by 
taking samples when the system reached a steady state after one hour. The 
sequence of the salt solution tested was NaCl, Na2SO4, MgCl2 and MgSO4 , 
respectively. The hollow fiber membrane was flushed for at least one hour 
with pure water before the feed salt solution was changed to another one. The 
concentrations of salts in the samples were determined by a conductivity meter. 
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The retention rate for salts in the filtration experiments was estimated by the 
following equation: 
ܴ ൌ ൬1 െ ஼೛೐ೝ೘೐ೌ೟೐஼೑೐೐೏ ൰ ൈ 100%                              (3.3) 
where Cfeed is the concentration of salts in the feed solution and Cpermeate is the 
concentration of salts in the permeate solution. 
3.3.5 Zeta potential measurement 
The zeta potentials of the hollow fiber membrane surfaces were 
determined with a Sur-PAAS Electrokinetic Analyzer (Anton Paar Gmbh, 
Austria) based on the measurement of the streaming potential or streaming 
current. Modules were prepared in a tube with a diameter of 13.8 mm to have 
3 fibers in each module, with a length of around 3cm. The space between the 
fibers was completely filled with glue through the entire length of the module. 
1 mM KCl solution was used as the electrolyte circulating through the 
measuring cell containing the membrane module. The pH was measured and 
controlled by automatic titration with 0.1 M HCl and 0.1 M KOH. The zeta-
potential of the lumen surface was determined in the pH range of 3 to 11. The 
electrolyte conductivity, temperature and pH value were measured 
simultaneously. The zeta potentials in mV were given by the instrument 
automatically. 
3.3.6 Mass loss experiments 
Mass loss analysis was used to evaluate the stability of the crosslinked 
hollow fibres membranes and to indicate the extent of crosslinking reaction. 
Six pieces of the fibers from each batch with 5 cm length were selected and 
63 
 
dried in a vacuum oven at 80C for 24 hours to remove water content. 
Afterwards, the samples were put in a vacuum oven at 30C to let them cool 
down. The weight of each fiber (mformer) was determined using an analytical 
balance (Acculab 98648-014-38). Then, each of the samples was immersed in 
the NMP solvent for seven days. After that, the samples were taken out and 
washed first in water for 24 hours, followed by immersing in ethanol for 7 
days. After drying in a vacuum oven at 80C for 2 days, the samples were 
weighed again (mresidual). The mass loss of the fiber was calculated according 
to the following equation: 
mass loss ሺ%ሻ= mformer (g) - mresidual  (g)
mformer(g)
 ×100                          (3.4) 
3.3.7 Attenuated Total Reflectance Fourier Transform Infrared 
Spectroscopy (ATR-FTIR) 
Nexus 470 FT-IR spectrometer (Thermo- Nicolet) was used to analyse 
the membrane samples and identify the possible chemical changes of the 
prepared hollow fiber membranes with or without crosslinking by PEI. The 
Smart Splitpea was applied to FT-IR. 
Both P84 and P84/PEI hollow fiber memrbanes were analysed. For the 
sample of PEI crosslinked P84 hollow fiber membrane, i.e., P84/PEI, the 
hollow fiber membrane sample was prepared by removing the non-crosslinked 
part through putting the membrane in NMP for dissolution followed by rinsing 
the sample in water and ethanol and then dried at 30 C in a vacuum oven for 
a week. Afterwards, the samples were analysed for both the inner and outer 
surfaces by the FTIR. The typical imide bands and amide bands on the 
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samples were used to identify the possible changes of the chemical structures 
of the prepared hollow fiber membranes due to PEI crosslinking. 
3.4 RESULTS AND DISCUSSION 
3.4.1 Effect of PEI in the bore liquid 
3.4.1.1 Membrane morphology 
Figure 3.9 shows the morphologies of the produced hollow fiber 
membranes in the three different categories (i.e., Ι and ΙΙ and III in Table 3.1) 
Category Ι includes hollow fiber membranes spun without PEI in the bore 
liquid (I-0) or with PEI (MW25000) at the concentration of 5 wt. % or 10 wt. % 
in the bore liquid (I-0 and I-2), respectively.  Category ΙΙ is the hollow fiber 
membranes spun with different molecular weight of PEI (10 wt. %, MW 
25000 or MW 750000) in the bore liquid, as well as with shell liquid. 
Category III has the hollow fiber membranes fabricated with the same PEI 
composition (10 wt. %, MW 750000) but with different composition of the 

































        
       



















Figure 3.9 SEM images showing the morphologies of the prepared hollow 
fiber membranes, categories I, II and III, as defined in Table 3.1 
(a) cross section of the fiber, (b) surface of inner selective layer,  (c) cross section at 
the bore side of the fiber, magnification: 10,000× 
 
In general, all the hollow fiber membranes had spongy-like, 
macrovoid-free structures. There were however some major differences in the 
structures at the bore side for the three batches of hollow fiber membranes. 
The inner layer of the P84/PEI fibers seemed to be much denser than that of 
the pure P84 fiber (see I-1 and I-2 compared to I-0). There was a gradient in 
         







the porosity for fiber P84/PEI. The fibers (II-2) with a higher concentration of 
PEI in the bore liquid were less porous compared to the fiber (II-1) with lower 
concentration of PEI in the bore liquid. For the category III, the results 
indicate that there was a denser inner selective layer for III-2, as compare to 
that of III-1. Also, a rapid decrease in the pore size on the bore side of the III-2 
hollow fiber membrane was obtained. In other words, there was a greater 
gradient in the porosity across the cross-section for III-2.  
Due to the chemical reaction with PEI, membrane pore size close to 
the bore side became smaller. On the bore side, the interplay of crosslinking 
and the phase inversion controlled the membrane formation. A more porous 
structure was formed if the phase inversion happened faster than the 
crosslinking. In the opposite way, if the crosslinking occurred faster than the 
phase inversion, a less porous and smaller pore size structure occurred on the 
bore side. With the increase in the concentration of PEI in the bore liquid, the 
degree of crosslinking also increased. In comparison, fibers that were spun 
without PEI in the bore liquid did not show the gradient porosity across the 
cross-section. The results indicate that by changing the composition of the 
bore liquid, the pore size of the membrane surface separation layer can be 
adjusted and controlled and thus it is possible to obtain hollow fiber 
membranes with different functions, such as ultrafiltration or nanofiltration 




3.4.1.2 Membrane surface chemical feature 





























 P84/10% PEI (I-2)
 
Figure 3.10 FTIR spectra for the inner surface of the P84 hollow fiber (I-0) 
and P84/ PEI hollow fiber (I-2) 
 
The inner selective layer of the P84/PEI hollow fiber membrane was 
further examined by ATR-FTIR analysis. Figure 3.10 compares the spectra 
between the reference hollow fiber membrane P84, and the cross-linked 
hollow fiber membrane P84/PEI fabricated with 10% PEI (MW 25000) in the 
bore liquid. For the P84 membrane, the characteristic absorption bands for the 
imide groups are observed: at 1779 cm-1 and 1721cm-1 which represent the 
symmetric C=O stretching vibration. For the P84/PEI membrane, peaks at 
these wavenumbers characteristic for the imide groups of P84, can also be 
observed but have much lower intensity than those for P84. Besides the imide 
groups, the typical amide peaks for the amide groups from PEI, due to the 
crosslinking between the imide groups of P84 and the amine groups of PEI, 
can be detected: at 1655 cm-1,which is the C=O stretching, at 1544 cm-1  which 
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is for C-N stretching. The presence of the peak for the imide groups on 
P84/PEI membrane indicates that the degree of the crosslinking was not up to 
100% yet in this case. The results in Figure 3.11 confirm that the crosslink 
reaction between P84 and PEI was indeed effectively taken place in the one-
step fabrication process. 
3.4.1.3 Mass loss and pure water permeability (PWP)  
Table 3.2 Mass loss and pure water permeability results 
Membrane Mass Loss % Degree of crosslinking % PWP (Lm
-2bar-1h-1) 
I-0 100.00 0 47.7± 1.6 
I-1 38.36 61.64   8.1± 0.6 
I-2 32.31 67.69   3.6± 0.3 
II-1 57.21 42.79 10.9± 0.9 
II-2 75.87 24.13 12.2± 0.3 
III-1 77.13 22.87 26.8± 1.1 
III-2 78.76 21.24 33.3± 0.5 
 
If P84 was cross-linked by PEI during the membrane formation 
process, the P84/PEI part would no longer be able to dissolve in NMP that was 
the solvent for P84. Hence, quantitative mass loss analysis for the membranes 
in NMP was used to evaluate the extent of crosslinking and the stability of the 
cross-linked hollow fiber membranes.  
From the results in Table 3.2, it can be found that, the P84 hollow fiber 
membrane (I-0) had 100% mass loss in NMP, i.e., completely dissolvable in 
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NMP, with no degree of crosslinking. The mass loss of the P84/PEI (5%) 
hollow fiber membrane (I-1) was 38.36%, and that of the P84/PEI (10%) 
hollow fiber membrane (I-2) was 32.31%; see Table 3.2. The crosslinking 
degree would affect the membranes’ permeability or permeate flux. The pure 
water permeability (PWP) of the reference hollow fiber membrane P84 (I-0) 
was found to be 47.7 l/ (m2·h·bar). With crosslinking by PEI, the P84/PEI 
hollow fiber membranes (I-1 and I-2) had much lower PWP than the P84. The 
PWP of the membranes after cross-linked with PEI, for example, decreased 
from 47.7 l/ (m2·h·bar) for I-0 to 8.1 l/ (m2·h·bar) for I-1 and 3.6 l/ (m2·h·bar) 
for I-2. This can be attributed to the relatively smaller pore sizes of the 
crosslinked P84/PEI membrane surfaces, which has been confirmed by the 
SEM images in Figure 3.9. The dissolved part given by the mass loss was the 
uncrosslinked part of the membrane; whereas the undissolved part given by 
the residual mass in NMP was attributed to the cross-linked part of the 
membrane. Therefore, the results lead to a crosslinking degree of 61.64% for 
I-1 and 67.69% for I-2.  
Although P84 membrane can be completely dissolved in NMP, the 
membranes prepared from P84 but cross-linked by PEI in the bore flow can 
become undissolvable in NMP. With the increase of PEI concentration in the 
bore flow, more mass of P84/PEI hollow fiber membrane became cross-linked 
and hence less mass loss in the NMP solvent was found from the experiments.  
From the measured pure water permeability, it may be considered that 
for the produced hollow fiber membranes, I-0 was typically in the UF range, I-
1, II-1 and II-2 were somewhat at the border of UF and NF and I-2 may fall 
into the range of NF. Similarly, III-1 and III-2 membranes may be also 
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considered to be in the range of UF membrane. In other words, both UF and 
NF membranes can be produced from the one-step simultaneous phase 
inversion and crosslinking spinning process in this study. To confirm their 
separation characteristics, some results will be presented and discussed in the 
later sections.  
3.4.1.4 Zeta-potential results 



























Figure 3.11 Representative results for Zeta potentials of the prepared 
hollow fiber membranes: P84 membrane (I-0) and P84/PEI membrane (I-
2) 
 
A comparison of the surface zeta-potentials of the reference hollow 
fiber membrane P84 (I-0) and the PEI crosslinked hollow fiber membrane 
P84/PEI (Ι-2) is presented in Figures 3.11. It can be found that the P84 hollow 
fiber membrane had the isoelectric point (IP) at pH 3.4 and it was negatively 
charged above this pH value, with the maximum negative zeta potential of -
42.1mV at pH 10.7 tested. The crosslinked hollow fiber membrane P84/PEI (Ι-
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2) had the IP at pH 8.2. In the pH range below 8.2, the membrane surface was 
in fact positively charged. The results are in contrast to those of the P84 base 
membrane. The higher zeta potential values of P84/PEI (Ι-2) than P84 (I-0) 
can be attributed to the free amine groups of PEI that was not cross-linked 
with P84 and existed on the membrane surface. The results in this study are 
consistent with the early work done by Kopeć et al (K. Kopeć, 2011) who 
produced hollow fiber membrane with dense inner selective layer for gas 
separation using 20% PEI in the bore liquid and a high ratio of 
solvent/nonsolvent composition, resulting in a IP at pH 9.3 for their prepared 
membrane surface. Hence, it is clear that by changing the concentration of PEI 
in the bore liquid, the surface electrical property of the prepared hollow fiber 
membranes can also be modified or varied in the one-step fabrication process. 
The significant changes in the zeta potential values for P84/PEI (Ι-2) hollow 
fiber membrane, as compared to those for P84 (I-0) one, indicate that the 
crosslinking reaction was indeed effectively taken place during the one-step 
spinning process for the hollow fiber membranes fabricated. 
The cross-linked hollow fiber membrane P84/PEI (Ι-1) had the IP at 
pH 6.8. In the pH range from 3.4 to 6.8, the membrane surface was in fact 
positively charged. For the category III, the cross-linked hollow fiber 
membranes P84/PEI (III-1 and III-2) had the IP at pH 5.0 and 5.1 respectively.  
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3.4.1.5 UF performance of the prepared hollow fiber membranes for the 

















Filtration time (t [hh:mm])
 P84 (I-0)
 P84/10% PEI (III-2)
 P84/10% PEI (III-1)
 
Figure 3. 2 Retention rate of humic acid as a function of time by P84 (I-0) 
and P84/PEI (III-1, III-2) hollow fiber membranes 
 
Humic acid often has a size in the range from a few nanometer up to 
100 nanometer (Bowen, 2002b). Hence, the removal of humic acid typically 
falls in the UF range. The retention of humic acid by the III-1 and III-2 hollow 
fiber membranes was investigated  in comparison with the reference P84 or I-0 
hollow fiber membrane, with some typical results shown in Figure 3.12. The 
reason in the selection of III-1 and III-2 hollow fiber membranes was due to 
their typical UF structure or character as discussed in early sections. The 
retention as a function of filtration time was measured for 5 cycles of dead-end 
filtration each had 55min filtration followed by 5min backwashing.  
During the first three cycles, the retention rate for each hollow fiber 
membrane module was almost constant and the III-1 and III-2 hollow fiber 
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membranes reached 97% and 95% retention rates respectively, and I-0 had a 
retention rate of about 86%. In other words, the crosslinked hollow fiber 
membranes with PEI achieved better retention for humic acid from the 
aqueous solution, as compared to the uncrosslinked reference I-0 or P84 
hollow fiber membrane. The improvement in the membrane retention should 
be due to the formation of the much denser inner separation surface and sub 
layers and their smaller pore sizes of the crosslinked hollow fiber membranes. 
After these cycles, the retention rate of I-0 and III-2 modules showed some 
decrease but the retention of III-1 remained almost the same. This indicates 
that the more porous or large pore hollow fiber membranes of I-0 and III-2 
may begin to have more humic acid penetrating through but the membrane 
crosslinked to a greater crosslinking degree and having smaller pore size, such 
as III-1, showed a much more stable retention in humic acid removal. This 
may be attributed to the smaller pore size of the hollow fiber membrane than 
that of the humic acid molecules that cannot penetrate into or through the 






















The average retention rates of humic acid by the different batches of 
hollow fiber membranes (i.e., I-0, III-1, III-2) from the five cycles of 
experiments are shown in Figure 3.13. For the membrane P84/PEI (III-2), the 
retention was about 93%, for membrane P84/PEI (III-1) was around 97%, and 
for P84 (I-0) the retention rate was approximately 85%. In general, the 
prepared hollow fiber membranes with PEI crosslinking in the one-step 
spinning process achieved much higher humic acid retention than the base or 
reference P84 membrane. 
3.4.1.6 NF performance of the prepared hollow fiber membranes for the 
separation of salts 
To examine whether the one-step spinning process with P84 
crosslinked by PEI also produced hollow fiber membranes having the NF 
functions, several salt solutes were tested for the reference P84 (I-0) and some 
P84/PEI (I-1, I-2, II-1) hollow fiber membranes, as described in Section 3.3.3.  


























Figure 3.4 Separation performance of P84 and P84/PEI hollow fiber 
membranes to different salts at pH 6 (6 bar) 
 
As shown in Table 3.2 early, the pure water permeability for P84 (I-0) 
was 47.7 l/ (m2·h·bar) (I-0), but those for P84/PEI (I-1, I-2, II-1) were much 
lower, at 8.1, 3.6 and 10.9 l/ (m2·h·bar) respectively. The crosslinking reaction 
with PEI, had possibly reduced the pore size of these hollow fiber membranes 
to the nanometer level, and made the structure of the inner surface separation 
layer of the hollow fiber membranes more rigid, thus increased the resistance 
of water flow and decreased their PWP values as already being demonstrated 
earlier by the SEM images in Figure 3.9. Hence, an improved salt rejection 
can be expected for some prepared hollow fiber membranes. The experimental 
results are shown in Figure 3.14. It can be found that, the P84/PEI (I-1) fibers 
membrane achieved an 83.7% rejection for MgCl2, 56.2% for MgSO4, 36.4% 
rejection for NaCl and 28.7% for Na2SO4. These results confirm that the I-1 
hollow fiber membrane did show the typical NF membrane characteristics. 
The P84/PEI (I-2) hollow fiber membrane had an even better performance, 
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with a salt rejection rate for MgCl2 at 87.8%, for MgSO4 at 61.2%, for NaCl at 
48.5% and for Na2SO4 at 38.3%. Similarly, the P84/PEI (II-1) also showed 
significant rejection for these salts tested even though the rejection rates were 
somewhat or slightly lower than the P84/PEI (I-1) and P84/PEI (I-2). The 
higher salt rejection rate by I-2 can be attributed to its higher crosslinking 
degree than I-1 and II-1, as discussed in Section 3.3.1.3. In contrast, the 
reference P84 hollow fiber membrane showed zero rejection rates for the 
various salts tested (Results not shown). 
Furthermore, the salt rejection rates by these tested P84/PEI hollow 
fiber membranes all followed a sequence of MgCl2 > MgSO4 > NaCl > 
Na2SO4; see Figure 3.14. This order of sequence may be caused by the 
Donnan exclusion effect or mechanism which indicates that a higher valence 
co-ion would be more efficiently removed than mono valence co-ion (Peeters, 
et al., 1998; Cheng, et al., 2011). The lower rejection for Na2SO4 than for 
NaCl might be due to the membrane separation layer had positive charges, 
which made Na2SO4 be more favourable to pass membrane than NaCl. The 
results in this study are in close agreement with  other studies using 
Polyamide/PEI cross-linked NF membranes prepared through the traditional 
two-step preparation process, i.e., first step of spinning followed by second 
step of crosslinking or modification(Sun et al., 2011). This indicates that the 
P84/PEI (I-1, I-2, II-1) hollow fiber membranes prepared in the one-step 
spinning process in this study can indeed achieve similar, if not better, NF 




The P84/PEI nanofiltration membranes exhibited higher rejection for 
high valence cations (such as Mg2+) and lower attraction for low valence 
anions (such as Cl-), largely due to their surfaces carrying positive charges. 
This can easily explain the reason that MgCl2 rejection was the highest. 
Similarly, the membrane surface separation layers had a stronger attraction to 
high valence anions (such as SO42-) but weaker repulsion to low valence cation 
(Na+), leading to the lowest rejection rate to Na2SO4. In addition to the pore 
size and structure, the results in this study also demonstrated that the salt 
rejection efficiency of NF membranes is greatly influenced by the electrostatic 
interaction between the membrane and the ions in solutions, and the amount 
and nature of the electrical charge on the membranes had a large role to play 
as well.  
3.4.2 Effect of interplay of phase inversion and crosslinking on prepared 
hollow fiber membranes 
3.4.2.1 Effect of different MW of PEI in the bore liquid on prepared 
membrane properties 
Hollow fiber membranes P84/PEI (I-2) and (III-1) were spun with the 
same conditions in the composition of the dope solution and the bore liquid 
except with different molecular weight of PEI. The SEM images in Figure 
3.10 clearly showed that the inner surface of the hollow fiber membranes 
cross-linked with MW750000 PEI (i.e., III-1) had larger pore size than that 
with MW25000 PEI (I-2). This can be attributed to the fact that smaller size of 
PEI can more easily intrude into the inner layer of the hollow fiber membrane 
during the phase inversion of membrane formation process. The permeability 
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of P84/ PEI (III-1) hollow fiber membrane was much higher, as compared 
with that of P84/PEI (I-2); see PWP in Table 3.2. This phenomenon is 
obviously caused by the smaller molecular size of MW25000 PEI than that of 
MW750000 PEI and the smaller molecular could easily penetrate into the 
inner surface layer of the membrane, resulting a higher degree of crosslinking 
for I-2 than that for III-1, and thus leading to a lower PWP for I-2 as well; see 
Table 3.2. Compared to the I-2 membrane, the mass loss of III-1 membrane 
was higher, confirming that the crosslinking degree by MW750000 PEI for 
III-1 was lower by MW25000 PEI for I-2. Hence, the greater the molecular 
weight of PEI is; the more difficult the PEI molecule penetrates into the inner 
wall of the hollow fiber membrane. In other words, by varying the MW of PEI 
in the bore liquid, the prepared hollow fiber membranes with different pore 
size/structure and filtration/separation performance from the one-step spinning 
method can be manipulated during the membrane formation process. 


































Figure 3.5 Zeta potentials of the reference P84 (I-0) and crosslinked P84/ 
PEI (I-1, I-2) membranes 
 
Membrane surface zeta potential may be used as an indication on the 
effect. Figure 3.15 shows a comparison of the measured membrane surface 
zeta potentials of the reference P84 (I-0) and P84 cross-linked by 5% PEI (I-1) 
or by 10% PEI (I-2) in the bore liquid. The Ι-0 membrane had the isoelectric 
point (IP) at pH 3.4 and it was negatively charged above this pH value, with 
the maximum negative zeta potential of -42.1mV at pH 10.7 tested. The Ι-1 
hollow fiber membrane had the IP at pH 6.8 and the I-2 had the IP at pH 8.2. 
In the pH range below 6.8 for I-1 or 8.2 for I-2, the membrane surfaces were 
positively charged, as compared to the P84 base membrane I-0, that only had 
positive surface charge at pH below 3.4. The more positively charged nature 
of I-2 hollow fiber membrane than I-1 and I-0 is an indication of greater extent 
of PEI crosslinking, which made the membrane surface with more amine 
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groups that usually contributed to positive surface charges due to the 
protonation at higher pH values. 
 The obtained results in this study are consistent with the early work 
done by Kopeć et al (Kopeć, et al., 2011b) who produced hollow fiber 
membrane with dense inner selective layer for gas separation, cross-linked 
with 20% PEI in the bore liquid, resulting in a IP at pH 9.3. Hence, by 
changing the concentration of PEI in the bore flow, the surface electrical 
property of the prepared hollow fiber membranes can be modified in the one-
step spinning fabrication process, which can lead to different membrane 
separation performance, especially to charged species, such as various ions in 
water.  
The corresponding PWP for I-0, I-1 and I-2 was 47.7, 8.1, and 3.6 l/ 
(m2·h·bar) respectively, see Table 3.2. The decrease in the PWP was due to the 
fact that increasingly smaller pore size of the membrane’s separation layer was 
resulted in due to greater extent of PEI crosslinking at higher PEI 
concentrations in the bore liquid, which has already been demonstrated by the 
SEM images in Figure 3.9. Based on these results, it can also be concluded 
that with the increase of the concentration of PEI in the bore liquid, the degree 
of crosslinking in the prepared hollow fiber membranes can also be increased, 
leading to more positively charged surface and denser separation layer. Thus, 
the variation of PEI concentration in the bore liquid can be used to adjust or 
control the property of the prepared hollow fiber membranes in the one-step 
spinning fabrication process. 
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3.4.2.3 Effect of solvent/non-solvent ratio in the bore liquid on phase 
inversion and crosslinking of membrane formation 
Hollow fiber membranes of III-1 and III-2 were produced with the 
same dope solution and the same MW and concentration of PEI in bore liquid 
but the other compositions of the bore liquid were varied. For the spinning of 
III-2, the bore liquid contained 80% NMP and 10% water, while for III-1 the 
bore liquid contained 45% glycerol and 45% ethanol, both as the non-solvent. 
Unlike those studies in Category I and II where only crosslinking was 
examined, the study in Category III had a look of the effect of phase inversion 
in the interplay of simultaneous phase inversion and crosslinking in the 
membrane formation process in this one-step fabrication method. The results 
indicate that there was a denser inner selective layer for III-2, as compare to 
that for III-1. Also, a rapid decrease in the pore size on the bore side of the III-
2 hollow fiber membrane was obtained. In other words, there was a greater 
gradient in the porosity across the cross-section for III-2. It is believed that, 
the thin and cross-linked dense layer of III-2 on the bore side was caused by a 
high NMP/water ratio. On the bore side, the interplay of crosslinking and 
phase inversion simultaneously controlled the membrane formation. If the 
crosslinking occurs faster than the phase inversion, a less porous and smaller 
pore size occurs on the bore side. In the case of III-2, as a NMP/water ratio of 
8:1 was employed in the bore liquid, the crosslinking happens faster than 
phase inversion due to the existence of solvent in the bore liquid.  The 
diffusion rate of the two fronts, that was the coagulation from the outer surface 
and the crosslinking from the inner surface of the hollow fiber membrane, can 
control the thickness of the inner dense layer. The formation and the growth of 
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the dense inner layer may stop once these two fronts encounter within the 
cross-section (Dutczak, et al., 2012)  
Since III-1 and III-2 were produced with the same dope solution and 
the same MW and concentration of PEI in bore liquid, the different pore 
structure of III-2, as compared to that of III-1, is clearly due to the solvent in 
the bore liquid which delayed the phase inversion effect during the membrane 
formation process, while III-1 was fabricated with only non-solvent in the bore 
liquid and there was no delay in the phase inversion. The mass loss of III-1 
was found to be slightly lower than that of III-2 in NMP. This was clearly a 
result of higher crosslinking degree for III-1 than for III-2. (High amount 
solvent in the bore liquid which delays phase inversion would result in the less 
time for P84 crosslinking with PEI thus a dense layer is formed; see Figure 3.9.  
As a result, the denser inner layer hinders the PEI further penetrating into the 
entire surface of the membrane. In this case, higher crosslinking degree can be 
expected for III-1.)  Hence, the results in this part of study demonstrate that the 
control of phase inversion rate in the interplay of simultaneous phase inversion 
and crosslinking can also be an effective way to adjust the surface and cross 
section pore structure and therefore the separation performance of the prepared 
hollow fiber membranes in the one-step spinning fabrication process. 
3.4.2.4 Effect of shell liquid on the morphology, the pure water permeability 
of the prepared hollow fiber membranes 
A preliminary comparison in the effect of shell liquid of 75% NMP 
and 25% water in the spinneret on membrane formation during the process of 
spinning the hollow fiber membranes were made. Fibers I-2 and II-1 were 
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spun with the same composition of dope solution and bore liquid but, for the 
fabrication of II-1, a shell liquid in the spinneret was used, whereas for I-2 
there was no shell liquid in the spinneret. The results might give some 
indication on the effect of shell side coagulation on the overall phase inversion, 
thus on the interplay of simultaneous phase inversion and crosslinking on the 
bore side of the hollow fiber membrane. The mass loss and PWP of II-1 were 
both higher than those of I-2. On the shell side, although only phase inversion, 
it had an effect on the formation of the cross-section structure as well. It seems 
that the hollow fiber membrane spun with a NMP solvent component in the 
shell liquid postponed the overall phase inversion rate and thus made it 
difficult for the PEI crosslinking intruded more deeply into the cross-section, 
leading to a thicker but looser separating layer on the bore side. The overall 
crosslinking degree was reduced and PWP increased. Therefore, the interplay 
of phase inversion and crosslinking can also, to certain extent, be affected by 
the outer coagulation rate in the one-step spinning fabrication method (Kopeć, 
et al., 2011b). 
3.5 CONCLUSION  
In this chapter, the one-step spinning fabrication method which 
combines phase inversion and crosslinking together has been demonstrated to 
successfully fabricate hollow fiber membranes having various structures and 
surface properties, with either the ultrafiltration or nanofiltration (UF/NF) 
functions. Hollow fiber membranes in such range usually need multiple and 
different processes to prepare them in the conventional approaches. 
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P84 and PEI were confirmed to be a good pair of materials for this 
one-step process to prepare various types of hollow fiber membranes. The 
crosslinking agent PEI was dissolved in the bore liquid to incur crosslinking 
reaction during the membrane formation process. Different types of P84/PEI 
hollow fiber membranes were prepared through the controlled crosslinking 
reaction between the membrane forming polymer P84 and the crosslinking 
agent PEI. The process led to the interplay between the phase inversion (the 
mechanism of membrane formation) and the crosslinking (the mechanism of 
membrane modification). Many factors were found to have an effect on the 
interplay. Particularly, the concentration and MW of the crosslinker PEI in the 
bore liquid affected the degree of crosslinking in the interplay. The bore liquid 
and shell liquid compositions can affect the phase inversion in the interplay. 
All of them can affect the surface and structure properties and thus the 
performance of the prepared hollow fiber membranes. By carefully controlling 
the interplay, the final morphology and chemistry of the obtained hollow fiber 
membranes can be manipulated. Hence, the novel one-step spinning 
fabrication method is in fact very flexible and versatile in the preparation of 
membranes for different separation functions. 
For the various types of hollow fiber membranes prepared and 
examined, I-1, II-1 and II-2 membrane may show performance at the border of 
UF and NF, I-2 membrane may typically be in the NF range and III-1 and III-2 
membranes are more of the UF feature. In the experiments for humic acid 
removal, the P84/PEI category III hollow fiber membranes showed much 
higher efficiency than the base P84 hollow fiber membrane, displaying the 
typical UF feature. For nanofiltration separation of salts, the I-1 hollow fiber 
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membrane achieved an 83.7% rejection of MgCl2, 56.2% of MgSO4, 28.7% of 
Na2SO4 and 36.4% rejection of NaCl, showing a typical NF hollow fiber 
membrane characteristic. The Ι-2 hollow fiber membrane also realized an 87.8% 
rejection of MgCl2, 61.2% of MgSO4, 38.3% of Na2SO4 and 48.5% rejection 
of NaCl. It was found that the salt rejection sequence by the prepared hollow 
fiber membranes (i.e., I-1, I-2 and II-1) followed MgCl2 > MgSO4 > NaCl > 
Na2SO4. This order indicates that the Donnan exclusion mechanism played an 
important role in the separation, because I-1, I-2, II-1 hollow fiber membranes 
were all positively charged NF membranes under neutral or below pH values, 
confirmed by the zeta-potential measurements. The successful fabrication of 
UF/NF membranes through the one-step simultaneous phase inversion and 
crosslinking method has demonstrated the versatility and benefit of the new 
approach.  In comparison to the conventional multi-step procedures, this new 
method is much simpler as well as is less time consuming and more 
environmental friendly because it does not need large amount of cross-linker 
and does not produce additional wastes as the cases commonly practiced in the 




CHAPTER 4 PREPARATION OF P84 AND PES 
BLEND HOLLOW FIBER MEMBRANES CROSS-
LINKED BY PEI THROUGH THE ONE-STEP 




Hollow fiber membranes are sometimes manufactured from a blend of 
membrane materials. The one-step simutaneously phase inversion and 
crosslinking spinning method was extended to a blend of membrane forming 
polymers in this study. Experiments were designed based on a blend of two 
polymers to fabricate hollow fiber membranes to provide better insights in the 
selection of appropriate blending composition. Polyimide and 
polyethersulfone (PES) blend membranes were prepared via the one-step 
spinning process, with P84 as the primary membrane formation polymer and 
PES as an additional secondary membrane formation polymer and again PEI 
as the crosslinking chemical. The study focused on the investigation into the 
effect of the addition of the secondary membrane polymer PES that does not 
possess the imide groups to undergo crosslinking reaction with PEI whereas 
the primary membrane polymer P84 does. P84 and PES are completely 
compatible in a common solvent and the blending of these two polymers has 
been used to prepare membranes for gas separation applications. This study 
investigated different compositions of the blends and the influence of the 
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second polymer content on the formation, structure and performance of the 
prepared hollow fiber membranes and how their properties can be adjusted by 
varying the various spinning parameters, including the ratio of bore flow rate 
and dope flow rate, the different ratio of slovent/non-solvent in the bore liquid 
and the different molecular weight of the crosslinking agent.  
4.1 INTRODUCTION 
Nowadays, polymeric composite hollow fiber membranes become 
very popular, usually consisting of a thin (0.05 to 2 µm) and dense selective 
separation layer on a more porous substructure or support (Baker, 2012). The 
manufacturing of a composite hollow fiber membrane has generally involved a 
post-treatment process after the spinning process. The thin selective layer is 
often made from a different material from the main membrane formation 
polymer and is formed on the base membrane or support through solution 
coating, polymerization reactions and dynamic coating, etc. (Mulder, 1996)  
Polyimide possesses strong thermal stability and excellent mechanical 
property (Mansourpanah, et al., 2010). Composite hollow fiber membranes 
from polyimide are usually made by: (i) synthesis of branched polyimides, or 
(ii) synthesis of polyimides incorporated with cross-linkable functional groups, 
and (iii) crosslinking of the carbonyl groups with diamines (Powell, et al., 
2007). Recently, researchers have reported that polyimide membranes cross-
linked with polyethyleneimine (PEI) have shown the potential for NF 
application due to a number of reasons: (i) most polyimide polymers are 
thermally stable, mechanically strong and chemically durable (Gao, et al, 
2014); (ii) the carbonyl groups of the imide rings in the polyimides can be 
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easily cross-linked with PEI, (iii) the cross-linked membranes showed high 
chemical resistance in harsh organic solvents or under extreme pH conditions  
(Gao, et al., 2014, Ba & Economy, 2009); and (iv) positively charged 
membranes can be obtained by the PEI crosslinking method, due to the 
introduction of amine groups on the surface of the membranes. This positively 
charged surface layer can reject cations through the Donnan exclusion 
mechanism, in addition to the normal size exclusion mechanism, and hence 
displays high rejections to salts, especially to multi-valent ions, achieving the 
desalination performance of NF membrane (Sun, et al., 2011; Cheng, et al., 
2011;  Ba, et al., 2009). 
In Chapter 3, Polyimide type P84 has been used to fabricate hollow 
fiber membranes through the one-step process with PEI crosslinking in the 
spinneret and the obtained hollow fiber membranes can show UF or NF 
functions, depending on the spinning conditions. P84 is a co-polyimide of 
3̖3´4 ̖4´-benzophenone tetra-carboxylic dianhydride with 80% 
toluenednsocynate and 20% methylphenylenediisocyanate. P84 possesses high 
thermal stability with a glass transition temperature (Tg) of 315 ºC and good 
chemical resistance in harsh organic solvents (Gao, et al., 2014). Sun et al. has 
demonstrated that the PEI cross-linked P84 membrane achieved higher salt 
rejection rate when the molecular weight of PEI was greater (Sun, et al., 2011).  
This explains one of the reasons that P84 cross-linked with PEI would also 
provide a source of positive surface charges on the prepared membranes. P84 
and PEI have been studied in previous chapters. 
Polyethersulfone (PES) is one of the other most commonly used 
membrane materials at present time because PES shows excellent thermal, 
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chemical and mechanical stability as well as good thin film forming property. 
However, the highly hydrophobic property of PES causes it sometime a 
disadvantage in making UF or NF membrane for water treatment, due to the 
low water permeability and other limitations (Ananth, et al., 2012).  
The blending of polymers is often a method used to overcome or 
improve the limitation of a single polymer. Polymer blend refers to a mixture 
of at least two polymers that are usually a class of analogous materials and can 
be blended together to produce a new material of different physical properties.  
It can be classified as an immiscible polymer blend, a compatible polymer 
blend or a miscible polymer blend (Strobl, 1996). Due to thermo dynamic 
reasons, polymer blends are immiscible in most cases and their applications 
are usually limited because of the poor interfacial properties. The miscibility is 
irrelevant to the bore fluid chemistry when preparing hollow fiber membranes 
using blended polymers and the interfacial properties between the polymers is 
strong enough (Khulbe, et al., 2003). Polymer blends have been widely 
investigated and preferred in the membrane fabrication industry because it 
could produce good separation performance for prepared membranes as well 
as develop novel membrane materials in a simple and effective way.  
Liang et al. have shown that the blend of PES and polyimide was 
miscible within a thorough range of the compositions (Liang, et al., 1992). 
Ekiner has patented a PES-polyimide membrane for gas separation (Ekiner, 
1995). Khulbe (Khulbe, et al., 2003) studied the morphology and contact angle 
of the surface of the hollow fiber membranes based on PES-polyimide 
Matrimid 5218 blend at the composition of 80/20 wt.% and a total polymer 
weight at 35 wt.% in NMP. They also showed how the air gap distance in the 
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dry-wet spinning process influenced the surface morphology and the 
selectivity of the prepared PES/polyimide (PI) hollow fiber membranes. 
Mansourpanah et al. (Mansourpanah, et al., 2010) reported the modification of 
the hydrophobic properties and surface morphologies of the PES/PI blend 
membranes by EDA (ethylenediamine), PEG-triazine (Poly ethylene glycol- 
triazine) and TMA (trimethylamine) as cross-linking agent respecitively . It 
was found that the salt flux to NaCl decreased and the rejection rate to NaCl 
increased due to the crosslinking by EDA and PEG-triazine. The number of 
little pores and surface porosity was increased by using TMA for the prepared 
membranes. Madaeni et al. (Madaeni, et al., 2012) also tried to blend 
polyvinylidene fluoride (PVDF) and PES in low amount with PI to improve 
the performance of PI membranes, as well as to blend PES to study for gas 
seperation. All the above work indicates that it is possible to use the blend of 
P84 and PES as the membrane formatoin materials in this study of the one-
step new fabrication method. 
The work in the previous chapter has shown that it is indeed possible 
to fabricate P84/PEI composite hollow fiber membranes of the UF or NF 
characteristics in the one step simultaneous phase inversion and crosslinking 
spinning process. This work’s aim is to extend the simutaneously phase 
inversion and crosslinking spinning method to the blend of P84 and PES as the 
membrane forming polymers. The experiments were designed based on the 
blends of the two polymers to fabricate hollow fiber membranes in order to 
provide more insights in the selection of appropriate blending compositions 
with PEI crosslinking agents. 
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Specifically, UF/NF membranes were prepared from the P84 and PES 
blends through the one-step spinning process, with PEI as the crosslinking 
agent, where P84 acts as the matrix polymer that can be crosslinked and PES 
as the secondary matrix polymer  but it cannot be crosslinked with PEI. The 
chemical structures of P84 and PES are schematically shown in Figure 4.1. 
The study will focus on the effect of adding the second polymer PES 

























Figure 4.1 Chemical structures of P84 and PES 
The proposed research investigated the different compositions of the 
blends and examined the influence of the second polymer content on the 
formation of the porous structure and the performance of the surface 
selectivity of the prepared hollow fiber membranes and how their properties 
can be adjusted by varying the different spinning parameters, including the 
ratio of bore flow rate and dope flow rate, the ratio of slovent/non-solvent in 
the bore liquid, and the different molecular weight of the crosslinking agent 
PEI, etc. Similar as in the previous chapter, various characterizations were 
conducted for the fabricated hollow fiber membranes, such as the analysis of 
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Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR), FE-SEM, INSTRON, contact angel measurement, pure water flux 




Polyethersulfone (PES Ultrason E6020P with Mw = 58,000 g/mol) was 
purchased from BASF company. Poly (ethylene glycol) with average Mn = 
600, were purchased from Aldrich, Germany. Calcium chloride (CaCl2, 
anhydrous) and Sodium sulfate (Na2SO4, anhydrous) were purchased from 
Aldrich. All other chemicals, such as P84, NMP, PEI, ethanol, glycerol 
(analytical grade) and other various salts, etc. were obtained from the same 
suppliers as describe in Section 3.2.1 in Chapter 3. 
4.2.2 Fabrication of P84/PES blend hollow fiber membrane 
The blend membranes were fabricated similarly by the one-step 
dry/wet simultaneous phase inversion and crosslinking process. The detailed 
operation in the hollow fiber membrane fabrication process had been 
described in Section 3.2.2 in Chapter 3.  
Particularly, P84 powder and PES pellets were first dried in the 
vacuum oven at 30°C for 24 hours prior to the dope preparation. The polymer 
dope solutions were then prepared by adding the dried polymers in NMP in a 
flask and stirred continuously in an oil bath at 50°C for 48 hours. The well 
dissolved dope solutions were centrifuged to remove any undissolved particles 
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or impurities and to obtain homogenous solutions that were further allowed to 
degas for at least 12 hours before spinning the hollow fiber membranes. The 
bore fluids with different compositions were prepared and continuously stirred 
for 24 hours prior to the spinning.  All the spun hollow fiber membranes were 
immerged and kept in tap water for another 48 hours to remove any residual 
solvent, additives, and the crosslinking chemical. Then, the membranes were 
moved into a 20% w/w glycerol water solution for 48 hours. Afterwards, the 
hollow fiber membranes were taken out and allowed to dry in air sufficiently. 
The prepared hollow fiber membranes were then ready for analysis or test. 
The spinning parameters for the preparation of the P84 and P84/PES 
blend hollow fiber membranes are listed in Table 4.1. Nine batches of them 
were obtained by varying the composition of the polymer dope solution, the 
composition of the bore liquid, and the relative flow rates of the bore liquid 
and the dope solution to further verify the “one-step” preparation concept 
examined in the previous chapter for blend membrane preparation in this 
chapter. The hollow fiber membranes spun from a dope solution containing 20% 
P84, 4% PES, 66% NMP, and 10% PEG 600 but different bore liquid 
composition or other spinning process parameters were labeled as “P1” to P4 
and those from a polymer dope solution of 18% P84, 6% PES, in 66% NMP, 
and 10% PEG 600 were denoted as “A” to “D”. The hollow fiber membrane 
spun from a dope solution only containing 24% P84, 66% NMP, and 10% 
PEG 600 without blending with PES, and with the same bore liquid 




Table 4.1 Preparation parameters of P84/PES blend hollow fiber membranes 
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rate(ml/min) 1.5 1 1 1 1 1 1 1 1 
Bore flow 
rate(ml/min) 1 1 1.5 1 1 1 1 1 1 
Air gap(cm) 10 10 10 10 10 10 10 10 10 
Temperature 
(Ԩ) 22 22 22 22 22 22 22 22 22 
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4.2.3 Membrane characterization 
4.2.3.1 Analysis of surface chemical composition 
The characteristic chemical composition of the prepared hollow fiber 
membranes were analysed by Attenuated Total Reflectance Fourier Transform 
Infrared Spectroscopy (ATR-FTIR). A FTIR spectrometer (Varian 660-IR) 
was used with an ATR component supplied by Perkin Elmer in the 
wavenumber range of 500-4000 cm-1 with a resolution of 1.0 cm-1 at room 
temperature. 
Both P84/PES hollow fiber membranes cross-linked by PEI in the bore 
liquid and P84/PES without crosslinking of PEI were analysed. The samples 
were so prepared by cutting them in the longitudinal direction that their inner 
surfaces i.e., the selective separation layers, were exposed for the FTIR 
analysis. The samples were dried at 30 C in a vacuum oven for 24hr before 
the analysis. 
4.2.3.2 Surface morphology observation 
The morphologies of the prepared hollow fiber membranes were 
observed by a scanning electron microscope (SEM, JEOL, and JSM-5600LV) 
and a field emission scanning electron microscope (FESEM, JEOL, JSM-
6700F). The membranes samples were dried in a vacuum oven at 30°C for 24 
hours prior to the analysis. The dried hollow fiber membrane samples were 
then immersed and freeze-fractured in liquid nitrogen to obtain samples with a 
clean and regular cross section for the observation. Samples were then coated 
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by sputtering with platinum for 30 seconds with a current of 30 mA before 
being observed.  
4.2.3.3 Mechanical property  
The mechanical properties (tensile stress and tensile strain) of the 
prepared hollow fiber membranes were studied by an INSTRON advanced 
mechanical testing system, Model 5542, with a 50N maximum load cell. Each 
type of the dry hollow fiber membrane samples was cut into 6 strain 
specimens with a length of 80 mm. Each specimen was placed in the 
pneumatic clamps and a pulling rate of 10 mm/min was applied to the upper 
clamp. The initial gauge length between the upper and lower clamp was 50 
mm. The system will then carry out the measurement and give the 
corresponding tensile strength or strain results. At least 5 tests were conducted 
for each type of the hollow fiber membranes prepared and the average value 
was used as the representative tensile stress and tensile strain for the sample in 
this study. 
4.2.3.4 Mass loss experiment 
The degrees of chemical cross-linking of the prepared hollow fiber 
membranes were determined by the mass loss experiments. Six fibers were 
selected from each type of the membranes and they were cut in about 5cm 
length pieces from the middle of each fiber to a certain amount and then dried 
in a vacuum oven at 30 °C for 24 hours to remove the moisture. The samples 
were then left in a desiccator to cool down and the weight of each type of the 
hollow fiber membrane was accurately weighed using an analytical balance. 
After that, each sample was immersed into a NMP solvent for a time up to 11 
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days. The residual samples (that were not dissolved in the NMP) were 
collected, rinsed by water, and then immersed in water for 24 hours, followed 
by in ethanol for another 5 days. The samples were then collected and dried in 
a vacuum oven at 30 °C for 3 days, and then naturally cooled down to the 
room temperature. The weights of the samples were accurately weighed again. 
The degree of cross-linking is expressed as: 
1 െ݉ܽݏݏ	݈݋ݏݏ	% ൌ 1 െ ெ೔೙೔೟೔ೌ೗ିெೝ೐ೞ೔೏ೠೌ೗ெ೔೙೔೟೔ೌ೗ ൈ 100% ൌ
ெೝ೐ೞ೔೏ೠೌ೗
ெ೔೙೔೟೔ೌ೗ %            (4.1) 
Where ܯ௜௡௜௧௜௔௟  represents the mass weighted before the immersion in NMP 
and ܯ௥௘௦௜ௗ௨௔௟ represents the mass remained after immersion in NMP.  
4.2.3.5 Pure water flux 
Each type of the prepared hollow fiber membranes were packed into a 
module and measured for the pure water flux (PWF). Fibers were selected 
from each type of the hollow fiber membranes and cut from the middle section 
of the fiber into an effective length of 30 cm. Two fibers were put into a 
polyethylene tube connected by two 10mm-6mm T push in fittings (Germany) 
and sealed at both ends with polyurethaan lijm glue (Bison from Netherlands) 
to obtain the test module.  
The PWP of the membranes was measured using a dead-end filtration 
system, as shown early in Section 3.3.2.1 in Chapter 3. Three identical 
modules were prepared for each type of the hollow fiber membranes and 
measured for PWF, respectively, to verify the repeatability of the experimental 
results. The effective membrane areas in the modules were in the range of 20 
to 30 cm2, based on the inner surface calculated from the average inside 
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diameters of the hollow fiber membranes. The ultrapure water was pumped 
through a constant flow-rate pump (Model ISMATEC) into the lumen of the 
hollow fibers and permeate was collected from the shell side of the hollow 
fibers (because the inner layer was the selective separation layer (inside-out 
system) in this study). During the measurement, ultra-pure water was first 
filtered to wash away any residual glycerol from the membrane surface before 
the measurement of the PWF. The pump supplied the feed pressure for the 
filtration. The mass of the permeate was collected in a tank and weighed 
automatically by an electronic balance programmed and controlled with a 
computer. The permeate mass versus the transmembrane pressure (TMP) 
followed a linear relationship and a diagram of the permeate flow vs TMP was 
obtained. The membrane’s permeability which was the permeate flux 
normalized to unit membrane area and unit transmembrane pressure was 
obtained from the slope of the diagram. 
Pure water permeability (PWP, L/m-2bar-1h-1) was calculated using the 
following equation: 
ܹܲܲ ൌ ொ஺∆௉                      (4.2) 
Where Q is the permeate flow (L/h), A is the effective filtration area (m2) and 
∆ܲ is the transmembrane pressure (bar). 
4.2.3.6 Water contact angle determination for the prepared membranes 
A contact angle goniometer (250-F1) from Ramé-Hart Instrument Co. 
was used to estimate the water contact angle of the prepared hollow fiber 
membranes. Flat sheet membranes of the same dope composition of the 
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P84/PES without PEI crosslinking were casted on a glass plate followed by 
immediately immersing it into a water bath at the room temperature. Flat sheet 
membranes of the same composition of the P84/PES blend with PEI 
crosslinking were casted similarly but with PEI by immersing the casted film 
on the glass plate into a liquid bath that had the same composition of the bore 
liquid for 60 seconds and then into a water bath at the room temperature. The 
flat sheet membranes (with a thickness of around 200 m) were placed in a 
running water bath for another 48 hours to remove any residual solvent and 
PEI.  The membrane samples were then rinsed with Millipore water and dried 
at 60C for 6 hours prior to the contact angle measurements. A 10 µl of 
deionized water droplets were dropped onto the membrane surface on the 
horizontal platform of the instrument.  Measurements were made at 20 
different locations on the membrane surface for each type of the membrane. 
The average value of the 20 measurements was reported in this study. 
The measured results from the flat sheet membranes were assumed to 
be the same as the corresponding hollow fiber membranes prepared with the 
same composition and spinning conditions in this study. 
4.2.3.7 Removal of humic acid from aqueous solutions  
Feed solutions containing humic acid in sodium salt, of technical grade, 
supplied by Sigma-Aldrich, was prepared with ultra-pure water and humic 
acid at a concentration of 30 mg/L and used for the separation performance 
experiments with the prepared various types of the hollow fiber membranes. 
The experimental procedures were similar to those described in Section 3.3.3 
in Chapter 3. 
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4.2.3.8 Salt rejection experiments by the prepared hollow fiber membranes   
Some prepared hollow fiber membranes may have NF functions and 
hence the desalination performance of the membranes was preliminarily 
evaluated with single salt solutions at a transmembrane pressure of 6 bar. Five 
types of salt solutions containing NaCl, MgCl2, MgSO4, Na2SO4, and CaCl2, 
respectively, were prepared by dissolve the salt in D.I. water to a 
concentration of 0.005M. The retention measurements were carried out in a 
dead-end mode filtration set-up. The pump supplied the feed pressure for the 
filtration. The permeate was collected and analysed. The details on the 
desalting filtration system and on the experimental procedures can be similarly 
found in Section 3.3.3 in Chapter 3. However, the sequence of the salt 
solutions tested was CaCl2, NaCl, Na2SO4, MgCl2 and MgSO4, respectively, in 
this study.  
4.3 RESULTS AND DISCUSSION 
4.3.1 Membrane morphologies of the prepared blend hollow fiber 
membranes  
The cross-section images of the reference uncrosslinked P84/PES, the 
P84/PES crosslinked by PEI and the P84 crosslinked by PEI were obtained. 
Two different blends of P84/PES ratios (5:1, 3:1) were used to fabricate the 
hollow fiber membranes by the one-step method. For all the fabrication 
experiments, the total concentration of membrane formation polymers in the 




    
 
 













Figure 4.2 SEM images of the four batches of hollow fiber membranes of 
P1, P2, P3 and P4 
(a) cross section of the fiber, magnification: 50×, (b) partial cross section of the inner 
selective layer, magnification: 10,000×, (c) partial cross section at the bore side of the 
      
P*-a                            P*-b                           P*-c                            P*-d 
        
             P1-a                                 P1-b                             P1-c                                P1-d 
    
P2-a                               P2-b                              P2-c                              P2-d 
    
P3-a                              P3-b                              P3-c                               P3-d 
    
               P4-a                               P4-b                              P4-c                               P4-d 
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fiber, greater magnification: 40,000×, (d) surface of the inner selective layer, 
magnification: 40,000×. Note: P1-P4 membranes had P84: PES=5:1, P1, P2 and P3 
with crosslinking by PEI at 10 wt. % in bore liquid, but P4 without crosslinking. P* 
are the hollow fiber membranes made from 24 wt. % P84 but without PES in the dope 
solution, and with crosslinking by 10 wt. % PEI in bore liquid. Other conditions are 
given in Table 4.1. 
 
Different ratios of (dope extrusion rate) / (bore flow rate) were used to 
prepare the hollow fiber membranes of P1, P2, and P3 respectively. For P1, 
the ratio of dope flow rate/ bore flow rate was 1.5:1 and for P2 1:1, and for P3 
1:1.5  P1, P2, P3 series of the membranes were P84/PES cross-linked with PEI, 
and P4 was the reference uncrosslinked P84/PES.  
The SEM images of the hollow fiber membranes for P1 to P4 are 
shown in Figure 4.2. It can be found that all of them had a typical asymmetric 
structure with a dense inner skin layer, supported by a spongy and more 
porous substructure. For P1, finger-like macrovoids were formed near the edge 
of the outer surface, whereas the cross section close to the inner surface edge 
appeared to be a dense and spongy structure. The macrovoids in the outer part 
of the cross section were mainly resulted from the phase inversion due to non-
solvent intrusion. The presence of the macro-voids in the sub layers could 
result in higher porosity, possibly leading to higher permeability of the 
membranes. The inner skin of P1 appeared to be relatively dense. For the P2 
membrane, it had thinner dense skin and smaller pore size. From the mass loss 
experiments, P2 was also found to have the highest crosslinking degree among 
P1, P2 and P3. This might be caused by the fact that, compared to P1, P2 had a 
lower ratio (1:1) between the dope solution and the bore flow rate, which led 
to a spinning condition with better or more crosslinking reaction. Increasing 
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the dope extrusion rate could result in a slightly increase in the outer diameter 
as well as the inner diameter of the prepared hollow fiber membranes. The rate 
of skin formation and solidification can be a function of the mass transfer rate 
during the solvent-nonsolvent exchange (Ismail, et al., 2003). A high bore-
liquid flow rate may cause solvent intrusion  (Wang & Chung, 2006).  
It can be observed from the SEM pictures above that the cross-linked 
fibers P1-P3 appeared to have decreased or smaller surface pore sizes than the 
reference P4, whereas from P1 to P3, the surface pores seems to become larger. 
One possible explanation could be that the crosslinking reaction between P84 
and PEI only occurred in the small pores of the membranes. For the P* 
membrane, it had thicker dense skin and was less porous compared to the 
fibers P2 with blended PES. There was an obvious gradient in the porosity for 
fiber P*.  In this case, for the fiber P*, the base membrane forming material 
was P84, and during the one-step spinning process, P84 was crosslinked with 
PEI. However, for the fiber P2, the membrane matrix was P84 blended with 
PES, the addition of the second polymer PES which did not undergo 
crosslinking would decrease the extent of crosslinking. The molecule of PES 
may penetrate into the matrix of P84. Therefore, the presence of PES in the 
membrane material resulted in a less crosslinking and thus a less dense layer 
with greater thickness. Furthermore, PES with high degree of chain rigidity 
may provide a more porous skeleton for the prepared blend membranes. 



















Figure 4.3 SEM images of the four batches of hollow fiber membranes of 
A, B, C and D 
(a) cross section of the fiber, magnification: 50×, (b) partial cross section of the inner 
selective layer, magnification: 10,000×, (c) partial cross section at the bore side of the 
fiber, greater magnification: 40,000×, (d) surface of the inner selective layer, 
magnification: 40,000×. The detailed conditions on these hollow fiber membranes are 
given in Table 4.1. 
 
      
A-a                                A-b                                A-c                                A-d 
      
B-a                               B-b                                  B-c                                B-d 
      
C-a                               C-b                                 C-c                                C-d 
    
D-a                               D-b                                D-c                                D-d 
106 
 
The SEM images of the hollow fiber membranes of A, B, C and D are 
shown in Figure 4.3. This group of membranes was fabricated at the same 
ratio of P84: PES=3:1 and at 1:1 ratio of the dope extrusion rate to the bore 
flow rate, but under different bore liquid compositions. As shown in Figure 
4.3, the membranes showed the presence of a dense layer and porous sub-
layers in the cross section structures and they all had no macrovoids in their 
substructure. With the increase in the PES content and the decrease in the P84 
content, the demixing would become delayed to some extent, because the 
lower content of polyimide (P84) retained less amount of affinity of water. A 
skin layer with macro-void structure can often be formed due to rapid 
demixing, as in the case of P84, or P84/PES blend in the group of P1 to P4 
(Mansourpanah,  et al., 2010). 
It can be observed again that crosslinking with PEI had a substantial 
effect on the membrane cross section morphology. After crosslinking, the 
membrane structures of A, B and C became much more rigid with thick dense 
layer and smaller pore sizes than D that did not have PEI crosslinking. A and 
B were fabricated with the same concentration and molecular weight of PEI in 
the bore liquid, but 10% NMP was added into the bore liquid for the spinning 
of A to lower the phase inversion rate. It can be observed that A had a denser 
inner layer with smaller pore size distribution than B. This indicates that the 
existence of a certain amount of solvent in the bore liquid delayed the phase 
inversion, which would benefit for the crosslinking of PEI with P84 for a 
possibly longer time to form a deeper thickness in the membrane formation 
process. These results are consistent with those reported by Kopeć et al. 
(Kopeć et al., 2011a). 
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Comparing A and C with different molecular weight of PEI, C had 
larger pore sizes and thinner dense layer. This was due to the larger molecular 
weight of the crosslinker PEI, which made the PEI molecules more difficult to 
move and hence lower possibility to penetrate into the membrane cross section 
structure as well as to incur the cross-linking reaction, resulting in C to have a 
less degree of crosslinking than A.  
4.3.2  Membrane surface chemical compositions 























Figure 4.4 Representative FTIR spectra of P84/PES blend hollow fiber 
membranes, noncrosslinked and crosslinked 
 
ATR-FTIR analysis is a useful method to show the characteristic 
chemical groups on the surfaces of the prepared blend hollow fiber 
membranes. Polymer blends with a certain extent of compatibility showing the 
shifts of specific typical bands to other frequencies usually prove the existence 
of certain interaction occurred among the characteristic adsorption bands of 
the functional groups of the individual pure polymers (Linares & Acosta, 
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2004). In this case, for the P84 and PES blend membranes, the shifts of the 
frequencies and the intensity changes of the characteristic absorption bands 
designated to that of P84 or PES would indicate the interaction and blending at 
the molecular level between the polymers, which further contributed to the 
blend compatibility of P84 and PES.  
Figure 4.4 shows the ATR-FTIR spectra of some representative 
P84/PES blend membranes at two different blend ratios (5:1 and 3:1) and with 
or without PEI crosslinking. Without crosslinking, the characteristic 
absorption bands from the imide groups of P84 can be found: at 1774 cm-1 
(C=O stretching), 1721 cm-1 (C=O stretching), and 1357 cm-1 (C-N stretching). 
The absorption band from the sulfonate groups (O=S=O symmetric stress 
vibration) of PES can be observed in P3, P4, B, and D at 1152 cm-1 and that 
from the aromatic carbon groups of PES is found at 1486.4 cm-1, both of 
which however did not appear in the spectrum of P*. Ismail et al. ( Ismail, et 
al., 2008) have shown that the aromatic carbon-oxygen (C-O) stretching 
frequencies occurred at 1250 cm-1, while strong absorption band in the 1600-
1457 cm-1 wavenumber range was attributed to the benzene ring stretching. 
The results are also similar to those reported by Wang et al. (Wang, L., et al., 
2008). With the increase of PES content or the decrease of the P84 to PES 
ratio in the blend dope solution, the intensity of the band at 1774, 1721 cm-1 
etc. for P84 in B and D became lower than those in P3 and P4. In contrast, the 
intensity band at 1152 or 1486 cm-1 for PES in B and D became greater than 
those in P3 and P4. These results suggest that PES was effectively used in the 
blend to prepare the P84/PES blend hollow fiber membranes.  
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After the crosslinking reaction between the imide groups of P84 and 
the amine groups of PEI, the representative new peaks of amide group 
appeared at 1652 cm-1 (C=O stretching), and 1547 cm-1 (C-N stretching) for 
P3, P* and B; see Figure 4.4. These results indicate that crosslinking reaction 
indeed occurred. With the addition of PES in the blend dope solution, the 
intensity of the band at 1652, 1547 cm-1 for amide group in P2 and B became 
lower than those in P*. This indicates that the extent of crosslinking for the 
P84/PES blending membranes is lower than that for the P84 membranes. 
Compared to P4 (or D), the intensity of the imide group at 1721 cm-1 in P3 (or 
B) became lower than that in P4 (or D) and did not completely disappear, 
suggesting that the imide group in P3 (or B) effectively participated in the 








4.3.3  Membrane mechanical strength and surface wetting properties 
Table 4.2 Mechanical properties and Water contact angle of the prepared 
P84/PES blend hollow fiber membranes 
Sample Tensile Stress at 
maximum (MPa) 




P1 10.34 29.31 34.4 
P2  9.45 27.58 34.4 
P3  8.88 30.36 34.4 
P4  7.63 12.58 41.2 
P* 11.25 31.26 33.0 
A 7.69 15.01 39.0 
B 7.85 17.42 44.3 
C 8.45 18.13 39.7 
D 6.06 14.37 47.3 
 
The mechanical property (tensile stress at break and tensile strain at 
maximum) and surface hydrophobicity of the prepared P84/PES blend hollow 
fiber membranes were measured; as summarized in Table 4.2. It can be found 
that for the cross-linked P84/PES membranes (P1-P3 and A-C), the tensile 
stress and tensile strains became slightly higher than the reference P84/PES 
(P4 or D) without crosslinking, indicating that the membrane became more 
rigid after the crosslinking. It has been found that, the prepared cross-linked 
P84/PES hollow fiber membranes P3 to P1 displayed a better or increased 
mechanical strength (8.88-10.34 MPa), as compared to the cross-linked 
P84/PES membranes of A to C (7.69-8.45 MPa). Moreover, for the cross-
linked P84/PES membranes (P1-P3 and A-C), the tensile stress and tensile 
strains became lower than that of P* spun without PES in the dope solutions. 
This may be attributed to the fact that less P84 and relatively more PES in the 
dope solution, which would result in less crosslinking, therefore, lower 
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strength for the prepared P84/PES membranes (P1-P3 and A-C). As can be 
found in Table 4.2, the water contact angle values of the cross-linked 
membranes of P1 to P3 (or A to C) were generally lower than the non-cross-
linked reference membrane of P4 (or D) at the inner surface. Moreover, 
compared to P*, the water contact angel value of P1to P4 (or A to D) was 
higher. The results indicate a lower hydrophilicity for the cross-linked 
P84/PES membranes than the cross-linked P84 membrane, because of less 
amine groups being introduced onto their surfaces due to the addition of PES. 
The hydrophilicity or water contact angle of the prepared cross-linked hollow 
fiber membranes was also largely dependent on the interplay of the 
simultaneous phase inversion and crosslinking extent. For example, A had a 
lower water contact angle value than B due to A having a slower phase 
inversion, even though the crosslinking condition for A and B were the same.  
During the crosslinking reaction, since PEI had secondary and tertiary 
free amine groups (see Fig.4.5),  the crosslinking reaction between the carbonyl 
groups of imide ring in the P84 polymer chains and the amine groups of PEI 
can form amide bonds (NH-C=O). Although both the primary (-NH2) and the 
secondary (=NH) amines in PEI may participate in crosslinking reaction, the 
reaction between the primary amine groups of PEI and the imide ring of P84 
may be more favored because of less hindrance. The free amine groups 
(secondary and perhaps some primary as well) on the obtained hollow fiber 
membranes can increase the hydrophilicity of the obtained membranes (Kopeć, 




4.3.4  Pure water permeability (PWP) and Mass Loss results 
Table 4.3 Mass loss and pure water permeability results 
Membrane Mass Loss Percentage % 
Degree of 
crosslinking % PWP (Lm
-2bar-1h-1) 
P1 85.40 14.60 7.5 ± 0.5 
P2 83.60 16.40 5.6 ± 0.5 
P3 84.02 15.98 6.5 ± 0.7 
P4 100 0 11.4 ± 1.1 
P* 32.31 67.69 3.6 ± 0.3 
A 90.00 10.00 55.4 ± 3.2 
B 87.96 12.31 35.2 ± 2.5 
C 90.46 9.54 71.6 ± 5.6 
D 100 0 79.8 ± 2.1 
 
Quantitative mass loss analysis was used to evaluate the stability of the 
cross-linked hollow fiber membranes in solvent NMP. The dissolved part, 
which can be determined from the initial total and final residual masses, would 
be the uncrosslinked part of the prepared hollow fiber membranes, whereas the 
residual mass of the membrane in NMP was cross-linked and would not be 
dissolved in NMP. Although the reference P84/PES membranes (P4 and D) 
can be completely dissolved in NMP, membranes made from P84/PES blends 
but cross-linked by PEI in the bore flow can become undissolvable in NMP. 
As can be found from Table 4.3, after the prepared membrane samples were 
immersed in NMP, the mass loss of P2 membrane was 83.60%, and that of B 
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membrane was 87.96%. The mass loss of P2 was slightly lower than that of P1 
and P3 even though P1, P2 and P3 all had the same dope solution and bore 
liquid compositions. In other words, P2 has the highest crosslinking degree 
among the P1 to P4 group. The possible reason appears to be linked to the 1:1 
ratio between the bore flow rate and the dope solution rate (1:1), which might 
provide the optimal spinning condition for the crosslinking reaction. For the 
fiber P*, the mass loss is 32.31%. P* has the lowest mass loss among all the 
prepared nine batches of membranes. The results suggests that degree of 
crosslinking for P* was greater. This can be attributed to the more P84 being 
crosslinking in P* than in P84/PES hollow fiber membranes, thus lower mass 
loss for the cross-linked P84 membranes (P*), as compared to that for the 
cross-linked P84/PES membranes (P1-P3 and A-C). 
The results are consistent to the discussion in the section of 4.3.1 on 
the observed membrane morphologies. 
In contrast, the mass losses of A-C group membranes were much 
higher than those of the P1-P3 group. This could be attributed to the greater 
percentage of PES added into the dope solution as the membrane formation 
material that cannot be cross-linked by PEI. The existence of PES may also 
make it more difficult for the PEI molecule to penetrate into the sublayers and 
crosslink with more P84. It is clear that the simultaneous PEI crosslinking had 
a substantial effect on the nanostructure of the P84/PES blend membranes 
during the membrane formation process by phase inversion.  
Comparing the results of A and B, one can find out that B had less 
mass loss or higher degree of crosslinking than A even though both had the 
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same dope composition and crosslinking conditions (i.e., the same PEI 
concentration and MW). This was attributed to the fact that A had delayed 
phase inversion rate due to the existence of the solvent NMP in the bore liquid. 
Hence, the properties of the prepared membranes will depend on the interplay 
of both the phase inversion and crosslinking reaction rates. Further, if one 
compares the results of A with C, A can be found to have less mass loss or 
higher degree of crosslinking than C, although both had the same dope 
composition and crosslinking PEI concentration as well as delayed phase 
inversion. The phenomenon can be explained by the larger MW of PEI used in 
C, which made the PEI molecules less mobile to participate in the crosslinking 
reaction on the surface or sublayers, leading to a lower crosslinking degree for 
C than A. 
The PWF of the P84/PES reference hollow fiber membrane (P4 and D) 
and the cross-linked P84/PES, ones (P1-P3, A-C), and cross-linked P84 
hollow fiber membranes (P*) was measured versus the transmembrane 
pressure in the range from 1 to 4 bar. The pure water permeability (l/ 
(m2·h·bar)) for each type of the hollow fiber membranes was then obtained 
from the slope of the experimentally measured linear relationship of flux 
versus pressure.  
The representative PWF for each type of the prepared hollow fiber 
membranes, as determined from the experiments, is also included in Table 4.3. 
In general, the P1-P4 group had much lower PWP, likely falling in the 
border range of UF and NF or even in the NF range. The A-D group however 
had much higher PWP, clearly in the UF range. The P* may fall into the range 
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of NF. The results suggest that the ratio of P84/PES in the dope may be used 
as a parameter to control the macroscopic structure of the prepared blend 
hollow fiber membranes. The PWP of the A-D group of the P84/PES blend 
hollow fiber membranes appeared to be much higher than that of those P84 
hollow fiber membranes reported in Chapter 3, indicating that the addition of 
PES with P84 as the secondary membrane formation polymer can make the 
prepared blend hollow fiber membranes more porous with greater 
permeability to increase the membrane productivity. In other words, both UF 
and NF membranes can be produced from the one-step simultaneous phase 
inversion and crosslinking spinning process in this study by adding the second 
polymer in the dope solution to form a blend. To confirm their separation 
characteristics, some results will be presented and discussed in later sections.  
The permeability of the P84 / PES (3:1, 6% w/w) blend hollow fiber 
membranes (A-D) at lower P84: PES ratio (3:1) was much higher than those 
of P84 / PES blend membranes (P1-P4) at higher P84: PES ratio (5:1). This 
phenomenon was probably attributed to the hydrophobic nature of PES, which 
delayed the coagulation rate during the phase inversion process. In this case, 
the more amount of PES in the membrane material resulted in a less dense 
layer with greater thickness, and thus higher flux can be obtained. Furthermore, 
PES with high degree of chain rigidity may provide a more porous skeleton 
for the prepared blend hollow fiber membranes (Kapantaidakis & Koops, 
2002). 
In addition, the P84/PES blend hollow fiber membranes without 
crosslinking by PEI (P4 and D) had much higher pure water flux than the 
cross-linked P84/PES ones (P1-P3 and A-C). This indicates that the 
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crosslinking reaction by PEI during the membrane formation process did 
affect the membrane cross section structure, resulting in relatively smaller 
pore size of the cross-linked P84/PES blend membranes, which has already 
been demonstrated by the SEM images in Figure 4.2 and Figure 4.3. In 
summary, the one step spinning process can produce P84/ PES blend hollow 
fiber membranes into the UF or NF range and the prepared hollow fiber 
membrane structure and property can indeed be manipulated effectively 
through the interplay of the simultaneous phase inversion and crosslinking 
process.  
4.3.5 Membrane performance for removal of humic acid  

















Figure 4.5 Comparison of retention rate of humic acid by all the prepared 
nine batches hollow fiber membranes 
 
The A to D hollow fiber membranes were typically of the UF feature 
and were tested for humic acid removal. The common humic acid 
concentration in many surface or ground water may be in the range of a few 
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ppm to 30 ppm. Thus, a concentration of 30 mg/L was used for the humic acid 
removal experiments in this study.  
The overall rejection rates of the membranes are presented in Figure 
4.5. All membranes showed significant removal of humic acid. The rejection 
rates of cross-linked P84 / PES blend hollow fiber membranes (A-C) at lower 
P84: PES ratio (3:1) was much lower than those of cross-linked P84 / PES 
blend membranes (P1-P3) at higher P84: PES ratio (5:1). For the A-D group, 
B achieved the highest retention rate of up to 89.0%, whereas D had the lowest 
of around 70.0%. The results are consistent with earlier discussion that B had 
higher crosslinking degree and faster or higher rate phase inversion, resulting 
in a much denser, even thinner, surface separation layer, contributed to the 
more efficient separation of humic acid. For the P1-P4 group, P2 showed the 
highest retention rate of up to 93.4%, whereas P4 had the lowest of around 
73.0%. In contrast, D and P4 had no crosslinking, leading to the formation of 
more porous and larger pore structure, and hence having the lowest separation 
efficiency for humic acid removal.  
It can be seen from Figure 4.5 that the retention rate of P* was 97.4%. 
The overal retention rate of the A-D and P1-P4 group of the P84/PES blend 
hollow fiber membrane was lower than that of the cross-linked P84 (P*), 
indicating that the addition of PES with P84 as the secondary membrane 
formation polymer would make the prepared blend hollow fiber membranes 
with a less overall crosslinking degree, having lower retention in the removal 
of humic acid. 
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It is clear that with crosslinking by PEI, the prepared blend hollow 
fiber membranes had better or improved efficiency in humic acid removal, as 
compared to the P84/PES blend hollow fiber membrane formed by phase 
inversion only without crosslinking reaction. The improvement in the 
membrane retention was due to the formation of the denser inner surface layer 
and its smaller pore size in the cross section.  


































Figure 4.6 Salt rejection by the P2 and P*membranes 
The NF separation performances of the prepared hollow fiber 
membranes were demonstrated by using cross-linked P84/PES (P2) for the 
filtration of five types of single salt solutions. The results are shown in Figure 
4.6. There were indeed rejections for divalent ions but not monovalent ions by 
P2. The rejection rate follows the order of R (MgCl2) > R (MgSO4) > R 
(CaCl2) >R (Na2SO4) > R (NaCl), which is similar to the sequence of other 
reported positively charged NF membranes (Feng, et al, 2014; Wang & Chung, 
2006). However, the P84/PEI (P*) hollow fiber membrane as prepared in 
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chapter 3 showed better performance for the rejection of both monovalent and 
divalent ions, with a salt rejection rate for MgCl2 at 87.8%, for MgSO4 at 
61.2%, for NaCl at 48.5% and for Na2SO4 at 38.3%. The higher salt rejection 
rate by P* can be attributed to its higher crosslinking degree than P2, as 
discussed in Section 4.3.4. In contrast, the reference P84/PES hollow fiber 
membrane (P4) had no rejection at all to the various salts, (Results not shown 
here).  
The P2 and P* membranes, which carried positive surface charge, 
exhibited NF performance, with higher rejection for high valence cations and 
low valence anions than for low valence cations and high valence anions, thus 
explained the reason that MgCl2 rejection was higher than NaCl, and MgSO4 
rejection was lower than MgCl2. The high valence cation with more positive 
charges resulted in a stronger repulsion between the cation and the membrane 
surface, whereas the high valence anion carrying more negative charges 
caused a stronger attraction between the anion and the membrane surface. 
Monovalent ions displaying the lowest rejection are due to both the Donnan 
exclusion effect that was less effective and the size exclusion mechanism 
because of their smaller size (Peeters, et al., 1998; Cheng, et al., 2011). 
Furthermore, the results indicate that the addition of PES with P84 as the 
secondary membrane formation polymer can indeed be prepared into 
membranes in the one-step spinning process to show NF function, for which 
the blend membranes prepared in traditional approach have to be prepared by 
multiple-step processes.  
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4.4 CONCLUSION  
Polyimide (P84)/PES blend hollow fiber membranes with various 
structures and properties in the UF and NF ranges were successfully prepared 
via the one-step spinning process of simultaneous phase inversion and 
crosslinking. P84 was used as the primary matrix membrane formation 
polymer and PES as a additional second matrix membrane formation polymer 
and PEI as the crosslinking reagent that can react with P84 but not PES. P84 
and PES were completely compatible and the blending of these two polymers 
provide options to make hollow fiber membranes for potential water treatment 
applications. In comparison with the P84 only hollow fiber membranes studied 
in Chapter 3, the P84/PES blend hollow fiber membranes developed in this 
chaper can be tuned to achieve some unique property such as more porous, 
greater crosslinking layer thickness, greater PWP, and more parameter control 
in the interplay between the phase inversion and crosslinking effects. 
It has been found that the spinning conditions in both the dope and the 
bore liquid compositions affected the morphology and properties of the 
obtained blend hollow fiber membranes. The work demonstrated that the ratio 
of P84/PES, the concentration and MW of PEI, and the existence of solvent in 
the internal bore coagulant that affected the rate of the phase inversion, as well 
as the relative flow rate of dope solution to bore liquid can be used to adjust 
the prepared blend hollow fiber membranes for desired separation layer and 
cross section structure, surface hydrophilicity and electrical charge, and their 
application performance (UF or NF), etc. 
More specifically, the following conclusion may be drawn:  
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The produced P84/PES blend hollow fiber membranes with a higher 
ration of P84: PES (i.e., 5:1) showed the properties of NF or at the border of 
UF and NF and those with lower ratio of P84: PES (i.e., 3:1) typically had UF 
property. P84/PES blend hollow fiber membranes showed significant removal 
of humic acid but those cross-linked by PEI achieved much better 
performance. The addition of PEI in the bore liquid resulted in crosslinking 
and thus decreased the membrane surface and the sublayer pore sizes, and 
improved the membrane retention performance, due to the formation of the 
denser inner surface separation layer. For the A to D membranes tested, B 
showed the highest retention rate of up to 89.0% for humic acid, due to the 
fact that the addition of a larger amount of non-solvent in the bore liquid 
enhanced the phase inversion of P84 and PES and the crosslinking was 
therefore greatly limited to the surface, forming a thin and dense surface 
separation layer. Moreover, for P1 to P2 membranes measured, P2 also 
showed the highest retention rate of up to 93.4% for humic acid.  
In contrast, the P2 membrane in the P1 to P4 group was demonstrated 
to show typical NF performance, removing divalent or multivalent salts or 
ions but not monovalent ones. However, the P84/PEI (P*) hollow fiber 
membranes as prepared in chapter 3 had better separation rate for both 
monovalent and divalent ions. The higher salt rejection rate by P* can be 
attributed to its higher crosslinking degree than P84/PES membrane (i.e., P2) 
because the blend membranes became more porous due to the less 
crosslinking degree. For the various salt solutions tested, the rejection 
performance of P2 membrane followed the order of R (MgCl2) > R (MgSO4) > 
R (CaCl2) >R (Na2SO4) > R (NaCl), similar to the results of many other 
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reported positively charged NF membranes that have been prepared by the 
traditional multiple processes. The versatility of the one step spinning process 
with simultaneous phase inversion and crosslinking to prepare P84/PES blend 









CHAPTER 5 STUDIES IN THE EFFECTS OF 
DIFFERENT AMINE-CONTAINING 
CROSSLINKING AGENTS ON THE 
CROSSLINKING DEGREE AND PROPERTIES OF 
THE POLYIMIDE P84 HOLLOW FIBER 
MEMBRANES PREPARED BY THE NOVEL ONE-
STEP FABRICATION METHOD 
Summary 
To understand the novel one-step fabrication process in greater depth, 
another four types of different amine-containing compounds (Jeffamine M-
2005, Jeffamine T-5000, Polylysine and polyamidoamine or PAMAM 
dendrimers), in addition to the PEI used in previous studies in chapter 3 and 
chapter 4, were studied as the crosslinking agents in the preparation of the 
hollow fiber membranes with P84 as the primary membrane formation 
material. Different series of membranes were prepared to examine the effect of 
using different crosslinking agents on the crosslinking degree and surface 
properties of the obtained P84-based hollow fiber membranes.  
The results showed that the crosslinking reaction with different amine- 
containing crosslinking compounds effectively allowed the pore size, cross 
section structure and surface properties of the P84-based hollow fiber 
membranes to be easily varied and tuned. The pore size can be decreased or 
increased, relying on the chemical structure of the crosslinking agents used. 
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UF membranes were obtained with Jeffamine M-2005 and Jeffamine T-5000 
as the crosslinking agents. The prepared hollow fiber membranes showed 
improved antifouling performance in the separation of HA from aqueous 
solutions. NF membranes with positively charged surfaces were prepared by 
the crosslinking with Polylysine or PAMAM dendrimer as the crosslinking 
agent. The positively charged NF membranes showed the functions of 
removing or rejecting monovalent and divalent or multivalent salts. Again, the 
study demonstrated that UF and NF hollow fiber membranes were easily 
obtained with different types of  the crosslinking agents, in addition to PEI 
used before, through the one-step simultaneous phase inversion and 
crosslinking spinning method. 
5.1 INTRODUCTION 
In Chapter 3 and Chapter 4, a novel and versatile one step fabrication 
method for both UF and NF hollow fiber membranes has been demonstrated 
with PEI in the bore liquid as the crosslinking agent. The crosslinking reaction 
occurred simultaneously with the phase inversion during the membrane 
formation process. Furthermore, the method was first applied to P84 as the 
base membrane material and then extended to another membrane forming 
polymer PES for the preparation of P84/PES blend hollow fiber membranes. 
Both P84 and P84/PES blend were successfully prepared into UF or NF 
hollow fiber membranes through crosslinking with PEI in the one-step 
spinning process.  
While the early study may have shown the potential of varying the 
membrane formation materials in the novel one-step preparation method for 
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UF and NF membranes, there is certainly the great interest to explore the 
potential of using the one-step fabrication method with other different amine-
containing crosslinking agents. To make the study simpler, P84 only will be 
used as the base membrane formation material, but the polyetheramines with a 
commercial name of JEFFAMINE, a polyamidoamine dendrimer (generation 
0), and the polylysine dendrimer are selected as the crosslinking agents. The 
possible crosslinking reactions between P84 and the different types of 
crosslinking agents and their chemical structures are shown in Figure 5.1 and 














































Figure 5.1 Schematic presentation of the chemical reactions between the 
membrane formation material of P84 and the crosslinking agents of 



















































































































































                 Polylysine                                                   PAMAM dendrimer 
(G0) 
Figure 5.2 The chemical structures of the crosslinking agents of Polylysine 
and PAMAM dendrimer (G0) 
 
JEFFAMINE or polyetheramines are a relatively new and interesting 
chemical group that contains primary amino groups attached to the end of a 
polyether backbone. The polyether backbone is based on ether propylene 
oxide (PO), ethylene oxide (EO), or both PO and EO in certain arrangements. 
Based on the core structure, the JEFFAMINE polyetheramine family may be 
composed of monoamines, diamines, and triamines. These polyetheramines 
provide a wide range of molecular weight, amine functionality, repeating unit 
types and distribution, and therefore can offer the flexibility in the preparation 
of novel membranes with different surface structures or properties.  
Some attempts have been made for the modification of membrane 
surfaces using Jeffamine for membrane separation applications. Jeffamine 
ED600 was used in a multiple-step polymerization for new polyamideimides 
to allow the casting of transparent films in a dry state, but the physical 
crosslinking of the compounds was found not being strong enough (Lochon & 
Jonquie, 1999). Eastmond et al. synthesized either grafted or segmented 
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hydrophilic copolyimides using Jeffamine’s mono-amine or diamine 
compounds, respectively, for MF membrane in the investigation of fouling 
(Eastmond, et al., 2002). Shao et al. synthesized cross-linked hybrid 
membranes for hydrogen purification by reacting Jeffamine ED-2003 with 
epoxy functional silanes (Shao & Chung, 2009). They showed that the cross-
linked membranes displayed improved mechanical strength and chemical-
thermal stability. Recently, Jeffamine M-2070 was also successfully used as a 
surface modifying agent to improve the resistance of membranes to protein 
fouling. It was reported that the ethylene oxide block of Jeffamine M-2070 
improved the hydrophilic property of the prepared polyetherimide membrane 
surface (Chinpa, et al., 2010a). More recently, Gassara et al.  also reported that 
the pore size and surface property of polyetherimide membranes can be easily 
adjusted via the aquous chemical post-treatment with the amine containing 
oligomers- Jeffamine M-2070 (Gassara, et al., 2013). In comparison with 
physical blending of poly (acrylonitrile-co-glycidyl methacrylate) or P (AN-
GMA) and acid-treated multiwalled carbon nanotubes (MWCNTs), the 
crosslinked nanocomposite membranes of P (AN-GMA) and Jeffamine-
functionalized MWCNTs showed much higher mechanical strength (Li, et al., 
2013). However, all the work reported so far were relevant to multi-step 
fabrications and modifications, which were not only time and energy 
consuming, but also in some cases led to poor stability of the prepared 
membranes. Moreover, there have been very few data established on the 
application of Jeffamines specifically for water treatment membranes. No 
report has been discovered to discuss about the novel one step spinning 
method to fabricate hollow fiber membranes by utilizing Jeffamine M-2005 
129 
 
and Jeffamine T-5000, respectively as the crosslinking agents in the bore 
liquid.  
Jeffamine M-2005 is a polyetheramine of a nominal 2000 molecular 
weight in monoamine with a PO/EO ratio of about 29/6.  The Jeffamine M-
2005 is predominately polypropylene glycol (PPG) based; whereas the 
Jeffamine M-2070 reported in the literature is predominately polyethylene 
glycol (PEG) based and is therefore more hydrophilic than Jeffamine M-2005. 
It can get improved flexibility from polyether, and, besides that, the amine end 
group is more reactive than alcohol.  Jeffamine ED-2003 in other studies is a 
polyether diamine based on a predominant PEG backbone. PEG imparts 
complete water solubility to each of the products in this series. (Huntsman, et 
al., 2007) 
Jeffamine T-5000 polyetheramine is a trifuctional primary amine of 
approximately 5000 molecular weight. It is almost colorless. Jeffamine T-
5000, as a polyoxypropylene triamine, can be used in additive with a variety 
of epoxy curing agents to impart flexibility and improve peel strength of the 
adhesive system without minor degradation of other properties. It can be used 
as crosslinker for polyuria. It also can be used to reduce brittleness and 
increase toughness and resiliency. Choosing the optimum level of Jeffamine 
T-5000 triamine for a particular application of interest is often very important. 
(Huntsman, et al., 2007) 
 As a novel class of high performance cross-linking reagent, 
dendrimers, unlike the traditional linear polymer, have received much 
attraction in recent years because they possess a large number of end 
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functional groups and a highly branched structure (Zhong & Yung, 2009; 
Lianchao, et al., 2006). The star-like dendrimer of polyamidoamine (PAMAM) 
is one of the most studied and well-characterized dendrimer families. The 
molecular functionalities can be easily tuned, including the molecular size, 
branch points, the number of the terminal groups and the solubility. The 
internal compartments and the high density of the functional groups on the 
surface, which offers special chemical and physical properties, shed light on 
numerous potential applications (Xiao, et al., 2005; Taniguchi, et al., 2012). 
When PAMAM is used as a modifier for polyimides, PAMAM of highly 
branched and amine terminated surface provides a large number of reactive 
sites for crosslinking reactions. 
For example, some studies have explored the application of PAMAM 
in the membrane separation area.  PAMAM/PAN composite NF membrane 
was prepared by interfacial polymerization for salt rejection (Xu, et al., 2012). 
Using the same method, Li et al. prepared NF membrane with PAMAM and 
trimesoyl chloride (TMC) on phemolphthalein poly (ether ether ketone) (PEK-
C) UF base membrane for salt rejection and their results showed a salt 
rejection order of MgCl2 >MgSO4 > NaCl > Na2SO4, which is the typical 
characteristics of the positively charged NF membranes (Li, et al., 2006). In 
the gas separation field, Chung et al used PAMAM dendrimer generation 0 as 
the cross-linking agent to modify polyimide membranes for gas separation 
(Chung, et al., 2004). 6FDA-polyimide composite films were prepared by 
casting polymer solution onto a silicon wafer first and then followed by the 
second chemical modification---immersing the polyimide films into the 
PAMAM dendrimer solution for a given time duration (Xiao, et al., 2004). 
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Using the same procedure, Xiao et al. applied PAMAM dendrimers to enhance 
the cross-linking ability for polyimide films at room temperature and showed 
the improvement of gas separation performance (Xiao, et al., 2005). Up to 
now, little work has been done to prepare UF or NF hollow fiber membranes 
by the novel one step simultaneous phase inversion and crosslinking method, 
using PAMAM dentrimer as the crosslinking chemical for potential water 
treatment applications. Compared with the interfacial-polymerization and the 
two step casting-immersing modifications with PAMAM dendrimer in the 
conventional approach, the proposed approach of one step method would be 
more convenient and more environmental friendly in the preparation of UF 
and NF hollow fiber membranes.  
In addition to PAMAM, polylysine (PLL) was also employed as 
another type of crosslinking agent in this study in the one-step spinning 
process. PLL is a small natural homopolymer of the essential amino acid L-
lisine that is produced by bacterial fermentation. Polylysine was used as both 
the crosslinker and the anchor sites for positive charges in the membrane 
immobilization system (Percot et al., 2000). Ma et al. immobilized polylysine 
onto poly (ethylene-vinyl alcohol) (PEVAL) hollow fiber membranes for the 
removal of heparin from blood (Ma, et al., 1992). PLL was also used to induce 
amide formation through chemical crosslinking for improving the stability of 
polyelectrolyte multilayer films (Richert, et al., 2004; Richert et al., 2006). 
Hollman and Bhattacharyya (Hollman & Bhattacharyya, 2004) demonstrated 
that highly permeable ion-selective membranes could be prepared through 
immobilization of charged polyelectrolyte multilayer in microporous 
membranes. However, in the literature, research carried out with the 
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polylysine as crosslinker in the fabrication of both UF and NF hollow fiber 
membranes has been very few. In view of the unique physical and chemical 
properties, it is of interest in this study to investigate the effect of using 
polylysine as the crosslinking agent in the bore liquid through the one-step 
their fabricating method to prepare UF and NF hollow fiber membranes for 
their possible water treatment applications.  
The aim of the study in this chapter is to understand the versatile one-
step membrane-manufacturing process to greater depth. Different types of the 
amine-containing compounds (i.e., Jeffamine M-2005, Jeffamine T-5000, 
PAMAM dendrimer, and polylysine) were applied as the crosslinking agent. 
Various membranes were prepared and the effect of the different crosslinking 
agents on the crosslinking degree, cross section structure, and surface 
properties of the obtained hollow fiber membranes was examined. The 
separation performance of these hollow fiber membranes was evaluated 
through the similar experiments to those described before for humic aicd 
removal or salt rejection from aqueous solutions. 
5.2 EXPERIMENTAL 
5.2.1 Materials 
  Jeffamine M-2005 polyetheramine (MW ~2000g·mol-1; with a PO/EO 
ratio of 29/6, containing 95% primary amines) and Jeffamine T-5000 
polyetheramine (MW ~5000g·mol-1, containing 97% primary amines) were 
kindly supplied by Huntsman Singapore as a gift. PAMAM generation 0 
dendrimer (20 wt. % in methanol solution) and Polylysine (MW ~70,000-
150,000 g·mol-1) was obtained from Aldrich.  All other materials were the 
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same as used in Chapter 3 and Chapter 4, including membrane formation 
material P84, solvent NMP, nonsolvents ethanol and glycerol, humic acid, and 
various salts. UF performance was evaluated with humic acid removal from 
aquoes solutions, and NF performance was done by the rejection experiments 
for various salts of sodium chloride, magnesium chloride (MgCl2.6H2O), 
sodium sulfate (Na2SO4, anhydrous), and magnesium sulfate (MgSO4) in 
water solutions. Deionized water (18 MΩ/cm, Millipore Milli-Q) was used in 
the preparation of all the test solutions. All chemicals were used as received 
without any further purification, unless otherwise mentioned.  
5.2.2 Membrane preparation 
All the hollow fiber membranes were fabricated by the one-step 
spinning process. The general details in the simultaneous phase inversion and 
crosslinking method for obtaining the hollow fiber membranes had been 
described in Section 3.2.2 in Chapter 3.  
Specifically, P84 powder was first dried in a vacuum oven at 30 °C for 
24 hours prior to the dope preparation. All the prepared membranes had the 
same polymer dope composition by mixing NMP (66 % w/w) with glycerol 
(10 % w/w) in a glass flask, followed by the addition of P84 (24 % w/w), and 
the contents in the flask was stirred at room temperature for 48 hours. Then, 
the dope solution was filtered through a stainless steel mesh filter (25 μm) 
under certain pressure supplied by a compressed nitrogen gas cylinder to 
remove any undissolved particulates or impurities. The filtered dope solution 
was left in the dope tank for degassing for 24 hours to remove any entrapped 
air bubbles in it. Bore liquid was prepared according to certain desired 
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compositions in terms of crosslinking agent, solvent and nonsolvent and they 
were stirred continuously at room temperature for 24 hours and then left for 
degassing for another 24 hours before being used in the spinning process. 
Nine batches of the hollow fiber membranes were prepared. The dope 
compositions were kept constant and only the bore liquid composition was 
varied with different types of the crosslinking agents and different amounts of 
solvent (NMP) and nonsolvent (water). The spinning process parameters for 
each batch are listed in Table 5.1. R* is the reference hollow fiber membrane 
spun without crosslinker and with 1:9 NMP/Water in the bore liquid at room 
temperature. J1, J2, J3 and J4 were the hollow fiber membranes spun with 10 
wt. % Jeffamine M-2005 (with 1:8 NMP/Water) in the bore liquid at various 
temperatures (i.e., 25, 40, 60 and 88 °C, respectively). J5 and J6 were the 
hollow fiber membrane spun with another crosslinking agent, 10 wt.% 
Jeffamine T-5000, and 1:8 NMP/Water or 8:1 NMP/Water in the bore liquid, 
respectively, at 88 °C. P1 and P2 represent for the hollow fiber membranes 
prepared with 10wt% polylysine and 10 wt.% PAMAM dendirmer, 
respectively, (with 8:1 NMP/Water) in the bore liquid at room temperature 
25 °C. JF* was prepared with the same conditions as J4, but made into a flat 
sheet membrane (obtained by immersing the casted polymer dope in a 
thermostated bath at 88°C for 30 minutes). The bath contained the same 
composition of liquid as the bore liquid for J4. The film or flat sheet 
membrane was then taken out and immersed in a water bath with running 
water for 48 hours to remove any residual solvents and Jeffamine M-2005. 
The membrane samples were then rinsed with Millipore water and dried at 








Bore liquid composition 
Temp. (°C) 10wt% Crosslinking 
agent in Bore liquid  
NMP 
 % (w/w) 
Water  
% (w/w) 
  R* Nil 10 90 25 
J1 Jeff-M-2005 10 80 25 
J2 Jeff-M-2005 10 80 40 
J3 Jeff-M-2005 10 80 60 
J4 Jeff-M-2005 10 80 88 
J5 Jeff-T-5000 10 80 88 
J6 Jeff-T-5000 80 10 88 
P1 Polylysine  80 10 25 
P2 PAMAM  80 10 25 
JF* Jeff-M-2005 10 80 88   
Polymer dope: 24 % (w/w) P84, 10 % (w/w) PEG, 66 % (w/w) NMP 
External coagulant: tap water, 25 °C 
Spinning parameters 
Dope solution, ml/min 1 
Bore liquid, ml/min 1.5 
Air gap length, cm 5 
Take-up speed, m/min 2.2 
Humidity, % 40 
5.2.3 Membrane characterization 
Membrane characterization included the analyses of morphology, mass 
loss in NMP solvent, mechanical property, surface wetting properties, 
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR), Solid state Nuclear Magnetic Resonance Spectroscopy (NMR), 
permeability and filtration separation performance. Except NMR, all other 
measuring and analysis methods were the same as those described in Chapter 
3 or Chapter 4.  
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A Bruker ACF-400 MHz NMR spectrometer was used for recording 
1H-NMR spectrums of the fabricated uncrosslinked P84 and crosslinked P84 
hollow fiber membranes in the region of 0-12 ppm to confirm the crosslinking 
reaction and determine the degree of crosslinking. About 8.0 mg of a sample 
was put into a tube, followed by the addition of 0.75 ml of d6-DMSO. The 
mixture was shaken for half an hour. Then the supernant was transferred into 
the NMR tube. The analysis was done by dedicated technician following the 
standard procedures. 
5.2.4 Membrane performance test  
For ultrafiltration experiments, humic acid solution at a humic acid 
concentration of 30 mg/L was used. The HA filtration experiments were 
conducted under 3 bars with the dead-end ultrafiltration set-up shown in 
Figure 3.6 in Chapter 3 under room temperature.  
Fouling analysis was conducted through the quantities of the total 
fouling resistance (ܴ௧), irreversible resistance (ܴ௜௥), reversible resistance (ܴ௥) 
and flux recovery ratio (FRR). The equations used to calculate these quantities 
are given below (Mehrparvar, et al., 2014): 
ܬ ൌ ௠஺∆௧                                                         (5.1) 
ܴ௧ሺ%ሻ ൌ ௃ೢ೔ି௃೛௃ೢ೔ ൈ 100	                               (5.2) 
R୰ሺ%ሻ ൌ ୎౭ౙି୎౦୎౭౟ ൈ 100                                (5.3) 
ܴ௜௥ሺ%ሻ ൌ ௃ೢ೔ି௃ೢ೎௃ೢ೔ ൈ 100                             (5.4) 
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ܴ௧ ൌ ܴ௥ ൅ ܴ௜௥                                              (5.5)                          
ܨܴܴሺ%ሻ ൌ ௃ೢ೎௃ೢ೔ ൈ 100                                  (5.6) 
Where ܬ	is the average mass of permeate (kg·m-2·h-1); ܣ	represents the 
effective membrane area (m2); ∆ݐ	denotes the permeation time (h); and m 
denotes the weight of permeate (kg);  ܬ௪௜  and ܬ௪௖  indicate the initial pure 
water flux and the final water flux after humic acid solution filtration. 
Deionized (DI) water was filtered for 30 minutes under a pressure of 3 bars 
and then the stabilized pure water flux ܬ௪௜ was recorded. After ultrafiltration of 
30 mg/L humic acid solution for 1 hour, the flux at the end was recorded as	ܬ௣. 
Then, the membrane was cleaned with DI water for 10 minutes to flush away 
the deposited humic acid molecules on the membrane surface and the DI water 
flux under 3 bars was measured and taken as 		ܬ௪௖ . The flux recovery 
ratio	ሺܨܴܴሻ of the membranes can be calculated from the equation (5.6). 
The concentration and the removal of humic acid in the filtration 
experiments were similarly determined as described in Chapter 3. 
Nanofiltration experiments were conducted at the transmembrane 
pressure of 6 bar for single salt solution of NaCl, MgCl2, MgSO4, and Na2SO4 
with the concentration of 0.005M. The retention measurements were carried 
out in the dead-end mode filtration set-up as described in section 3.3 in 
Chapter 3. The pump supplied the feed pressure for the filtration. The mass of 
permeate was measured and recorded automatically by an electronic balance 
connected to a programmed computer. The procedure and the analysis in the 
salt retention experiments were the same as described in Section 3.4.4.  
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5.3 RESULTS AND DISCUSSION 
5.3.1 The surface characteristics of the prepared hollow fiber membranes 
Figure 5.3 shows the ATR-FTIR spectra of the reference P84 and those 
cross-linked with different crosslinking agents.  























Figure 5.3 The ATR-FTIR spectra of the reference P84 and other 
membranes cross-linked with different crosslinking agents 
 
By comparing the obtained spectra of the various types of hollow fiber 
membranes, one can observe the obvious alterations for the P84-polylysine 
(P1) and P84-PAMAM (P2) samples (stronger intensity of the characteristic 
peaks of amide groups, for example, the strong band at 1655 cm-1 attributed to 
the C=O stretching). The crosslinking between the polylysine and P84 (P1) as 
well as the crosslinking between the PAMAM and P84 (P2) introduced a large 
quantity of amine on to the membranes. PAMAM dendrimer, generation 0, 
contained four free amine groups and PI even more (see Figure 5.2). Therefore, 
139 
 
the structures induced by two functional end groups of  the Jeffamine was less 
complicated than those by four functional end groups of PAMAM or more of 
PI (Chung, et al., 2004).  
In contrast, only one amine in the Jeffamine M-2005 crosslinker can 
react, leading to the formation of a single or very thin surface layer. Thus, 
there was only a relatively small peak of the amide group at 1668 cm-1, 
attributed to the C=O stretching, being observed for the J4 membranes. 
However, the peak at 1668 cm-1 almost completely disappeared for J1. This 
may be attributed to the fact: for P84-Jeffamine M-2005 hollow fiber 
membranes (J1), there was no imide ring opening into the amide structure at 
the crosslinking temperature of 25 °C (room temperature), 40 °C for Jeffamine 
M-2005 (J2) or 60 °C for Jeffamine M-2005 (J3) hollow fiber membranes. It 
seems that these temperatures are not high enough to initiate the crosslinking 
reaction between P84 and Jeffamine M-2005. On the other hand, at 88 °C, 
typical amide peaks appeared (see J4 in Figure 5.3). Therefore, the 
crosslinking reaction at a temperature of 88 °C was chosen for further study. 
For the Jeffamine T-5000 (J5) hollow fiber membranes, there was also a 
relatively small peak of the amide group at 1668 cm-1.  
For all the batches of crosslinked P84 membranes, there was an 
increase in the peak at 1536 cm-1 (N-H bending), indicating that the amide 
bonds were formed.  Comparing to uncrosslinked P84, one can clearly see that 
there was a decrease in the adsorption intensity of the typical imide peaks at 
1778 cm-1 (symmetric C=O stretching) and 1714 cm-1 (asymmetric C=O 
stretching)  for crosslinked P84 hollow fiber membranes. Hence, the ATR-
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FTIR results conclude that the crosslinking reaction between the imide groups 
of P84 and the amine groups of the four different types of crosslinking agent 
(Jeffamine T-5000, Jeffamine M-2005, Polylysine, polyamidoaine) indeed 
occurred successfully.  
5.3.2 Mechanical property and surface wetting property of the prepared 
hollow fiber membranes 
The crosslinking reaction between P84 and the applied crosslinking 
agents is expected to change the inner separation surface property towards 
greater hydrophicility and greater mechanical strength for the prepared hollow 
fiber membranes.  
 
Table 5.2 Water contact angle and mechanical strength of  





Tensile Stress at 
maximum (MPa) 
Tensile Strain at 
maximum (%) 
  R* 72.0 4.59 19.25 
J1 56.5 6.28 21.94 
J2 61.0 6.32 22.65 
J3 58.0 6.32 22.33 
J4 46.7 6.96 27.26 
J5 33.0 6.03 25.55 
J6 26.4 5.89 18.05 
P1 52.0 7.63 28.12 
P2 54.7 8.67 26.30 
JF* 41.0 6.55 19.92 
 
Table 5.2 shows the measured water contact angles and mechanical 
strengths of the various types of fabricated hollow fiber membranes. The 
results in Table 5.2 clearly show that the water contact angles (WCA) of all 
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types of crosslinked P84 membranes (J or P series) were smaller than the 
WCA of the non-crosslinked P84 reference membrane (R*). In other words, 
the crosslinking reaction made all the prepared hollow fiber membranes 
became more hydrophilic. 
The lowest WCA was achieved by the membrane crosslinked with the 
Jeffamine T-5000. For other membranes crosslinked by the Jeffamine M-2005, 
the WCA was also greatly reduced from 72° for R* to 56.5° for J1 crosslinked 
at 25°C, and 61° for J2 at 40°C and 58° for J3 at 60°C and 46.7° for J4 at 88°C. 
It seems that the crosslinking degree increased with the crosslinked 
temperatures used. Jeffamine M-2005 is a diblock copolymer with a MW 
~2000g·mol-1 and with a propylene oxide / ethylene oxide (PO/EO) ratio of 
29/6. Due to the presence of a superficial brush of the EO blocks, Jeffamine 
polyetheramines can improve the hydrophilicity of the membrane surface. The 
polyetheramines contain the hydrophilic segments---glycol blocks, thus 
obtained membranes possess increased water permeability, especially in case 
of the porous, fully crosslinked membranes (Chinpa, et al., 2010b). 
Crosslinking reaction happened between the carbonyl groups of imide rings of 
P84 and the amine groups of Jeffamine T-5000 and Jeffamine M-2005 
according to the mechanism proposed in Figure 5.1. 
The water contact angles of the crosslinked P84-polylysine membrane 
(P1) and P84-PAMAM membrane (P2) were 52° and 54.7°, respectively, 
suggesting that the crosslinking of P84 with these two crosslinking agents 
(polylysine or PAMAM) can also result in a relatively more hydrophilic 
membrane than the reference P84 membrane. This is perhaps owing to the 
additional free secondary and tertiary amine groups of Polylysine and 
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PAMAM that was uncrosslinked on the membrane surface. The crosslinking 
reaction happened between the carbonyl groups of the imide rings of P84 and 
the primary (-NH2) or secondary (=NH) amine groups of Polylysine and 
PAMAM. As a result, amide bonds (NH-C=O) can be formed. It is likely that, 
the less steric hindrance made the reaction of primary amine groups with an 
imide ring of P84 more favored, and thus the remaining free secondary and 
tertiary amine groups of polylysine or PAMAM can contribute to the increase 
in the hydrophilicity of the prepared membrane, as compared to the case 
crosslinked by the Jeffamine M-2005 (J1) that had only primary amine. 
The mechanical strength, including tensile stress and tensile strain, of 
the fabricated hollow fiber membranes were also measured. The membrane 
crosslinked with PAMAM (P2) was found to have the highest tensile stress 
among all the prepared membranes; see Table 5.2. On the other hand, with the 
increase of the crosslinking temperature, the membranes crosslinked with 
Jeffamine M-2005 from 25 °C to 88 °C showed a slightly increased tensile 
stress at a higher temperature; see J1 to J4 in Table 5.2. The tensile strength of 
the membrane crosslinked by Jeffamine T-5000 (J5, J6) was lower than that 
crosslinked by Jeffamine M-2005 (J1 to J4). This may be related to the better 
interfacial compatibility of Jeffamine M-2005 than Jeffamine T-5000 to P84. 
It can be found that all the prepared membranes with crosslinking had a tensile 
stress of 5.89 MPa or above, which was much higher than the uncross-linked 
reference P84 membrane (4.59 MPa for R*). Therefore, it can be concluded 
that the crosslinking with the four different types of crosslinking agents not 
only increased the hydrophilicity of the surface of the prepared membranes, 
but also enhanced their mechanical strength as well.    
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Figure 5.4 SEM images of the morphology of some of the spun 
P84/Jeffamine hollow fiber membranes: 
(a) cross section, (b) partial cross section of the inner selective layer, magnification: 
10,000× (c) surface of inner selective layer, magnification: 40,000× 
 
Fig.5.4 shows the SEM images on the morphologies of some typical 
membranes (P84 and cross-linked P84 with different Jeffamine crosslinking 
agents). The bore side of the uncrosslinked P84 (R*) had a porous structure 
and no gradient in the porosity. It is interesting however those two types of 
inner surface morphologies can be observed for the membranes crosslinked by 
the two different Jeffamine compounds.  
For P84-Jeffamine-M-2005 membranes, as seen from Figure 5.4, the 
pore size of the inner selective layer increased after being reacted with 
Jeffamine M-2005 (J4). Whereas, the pore size of the surface layer in the case 
     
J4 (a)                                           J4 (b)                                          J4 (c) 




of Jeffamine M-2005 flat sheet membranes (JF*) with a reaction time of 30 
minutes was larger than that with a shorter reaction time, such as J4, see Fig. 
5.4. Therefore, it can be concluded that the pore size increased with the 
reaction time. A most probable explanation might be the amination reaction, in 
which the imide rings opened into two amide functions; see Fig. 5.1. The first 
reaction occurring within a short reaction time, caused the Jeffamine 
polyetheramine being covalently bound to P84 on the surface without breaking 
into the sublayer main polymer chains. With the increase of the reaction time, 
the penetration of Jeffamine molecules into the cross structure may be 
accelerated along, with the modified P84 membranes becoming more 
hydrophilic. In other words, the improvement of the surface hydrophicility and 
cleavage of the P84 polymer chain might be the reasons of the surface pore 
opening or widening and a thinner active layer on the bore side occurred. 
(Chinpa, et al., 2010a)  
In contrast, the SEM images clearly show that the hollow fiber 
membranes crosslinked with Jeffamine T-5000 (J5, J6) had a denser inner 
selective layer, as compared to R* and J4. In addition, a rapid decrease in the 
pore size on the bore side of the membrane was obtained. This can be 
attributed to the fact that Jeffamine T-5000 diffused into the P84 polymer 
chain skeleton and crosslinking took place between Jeffamine T-5000 and P84 















Figure 5.5 SEM images on the morphology of the spun P84/Polylysine (P1) 
and P84/PAMAM (P2) hollow fiber membranes 
(a) cross section, magnification: 70× (b) partial cross section of the inner selective 
layer, magnification: 10,000× (c) surface of inner selective layer, magnification: 
40,000× 
 
The hollow fiber membranes crosslinked with polylysine (P1) and 
PAMAM (P2) had sponge-like and macrovoid free structures with two distinct 
layers; see Figure 5.5: a dense inner selective layer and a porous sponge 
support substructure. This can be adequately explained by the crosslinking 
reaction between the P84 and the dendrimer on the inner surface of the 
prepared hollow fiber membranes. The inner surface layers of the 
P84/Polylysine (P1) and P84/PAMAM (P2) appeared to be much denser than 
that of the reference P84 membrane (R*). There was a gradient in the porosity 
for P1 and P2 across the cross section. During the chemical reaction of P84 
     
P1 (a)                                           P1 (b)                                         P1 (c) 
     
P2 (a)                                          P2 (b)                                          P2 (c) 
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with polylysine or PAMAM dendrimer, the membrane pore size close to the 
bore side became smaller. In fact, the thin, crosslinked dense layer was also 
attributed to the high NMP/water ratio. On the bore side, the interplay of 
crosslinking and the phase inversion controlled the membrane formation. If 
the crosslinking occurs faster than the phase inversion, a less porous and 
smaller pore size layer occurs on the bore side. In this study, as a NMP/water 
ratio of 8:1 was employed in the bore liquid, crosslinking would happen faster 
than phase inversion.  The approaching rate of the two fronts, i.e., the 
coagulation from the outer surface and the crosslinking from the inner surface 
of the hollow fiber membrane controlled the thickness of the inner dense layer. 
The formation and the growth of the dense inner layer would stop once the 
two approaching fronts encountered each other (Dutczak, et al., 2012). It 
seems that, if the inner surface layer is more porous, then the crosslinking 
agent through the fiber wall has a higher diffusion rate. Thus, higher 
crosslinking degree can be expected. 
The results in Figure 5.4 and Figure 5.5 indicate that by changing the 
different type of crosslinker (Amine based materials) in the bore liquid, the 
pore size of the membrane surface separation layer and the sublayers can be 
adjusted and controlled. This provides the possibility of obtaining UF or NF 
membranes from the same one-step membrane-manufacturing process.  
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5.3.4 Effect of different types of crosslinking agents on crosslinking degree 
of the prepared hollow fiber membranes 
Mass loss experiment and 1H-NMR spectra analysis were used to 
verify the crosslinking reaction and roughly estimate the degree of 
crosslinking for the fabricated hollow fiber membranes. 
Table 5.3 1H-NMR acquisition and mass loss of the various prepared 
hollow fiber membranes 







R* Fully 1.50 1.04 100 
J5 Partially 1.06 0.71 88.0±1.6 
J4 Partially 1.13 0.42 91.0±1.8 
P1 Partially 0.62 0.35 22.8±2.2 
P2 Partially 0.52 0.77 8.0±0.9 
* I-1: integration of peaks (ppm=8.2); I-2: integration of peaks (ppm=7.5) 
Quantitative mass loss analysis was used to evaluate the stability of the 
crosslinked hollow fiber membranes in NMP. From the results given in Table 
5.3, it can be found that, the mass loss of P84-Jeffamine T-5000 (J5) 
membrane was up to 88.0% and M-2005 (J4) around 91.0%, but that of P84-
polylysine (P1) membrane was 22.8%, and P84-PAMAM membrane (P2) was 
8.0%. During the experiments, the reference P84 membrane (R*) was found 
fully dissolved in NMP quickly and other membranes, J5, J4, P1 and P2, can 
only be partially dissolved, with a remaining thin gel-like green inner layer 
film. This indicates that only the inner dense layer of these fibers was 
crosslinked. The dissolved part, which can be evaluated from the residual 
mass, was attributed to the uncrosslinked part of the membranes. Therefore, it 
can be concluded that the hollow fiber membranes crosslinked by polylysine 
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Figure 5.6 1H-NMR spectra of (a) reference P84 (R); (b) P84-Polylysine 
(P1); (c) P84-Jeffamine M-2005 (J4) 
 
Figure 5.6 shows the  1H-NMR spectra of the reference P84 and 
crosslinked P84-Jeffamine M-2005 and crosslinked P84-polylysine hollow 
fiber membranes. Several small characteristic peaks were found in the amide 
protons (RNHC (=O) R’) shift range (5-8.5 ppm), even though the intensities 
were low (as shown in Figure 5.3). From the integration of peaks at ppm 8.2, 
the spectra showed that the reference membrane (R*), which was fully 
dissolved in solvent in DMSO or NMP, has the strongest characteristic peaks 
compared to that of the other two hollow fiber membranes (J4 or P1). 
However, the cross-linked hollow fiber membranes (P1 or J4) were partially 
dissolved and the intensities of the characteristic peaks were lower compared 
to the reference sample (R*). These results indicate that the crosslinking 
reaction successfully took place between P84 and the two types of the 
crosslinking agents (Jeffamine M-2005 and Polylysine).  
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5.3.5 Permeability and filtration performance  
The water permeability and solute rejection performance are two 
important parameters for most of the membrane applications. Two kinds of 
filtration experiments were performed to evaluate the ultrafiltration 
performance of the P84-Jeffamine series of membranes and the nanofiltration 
performance of the P84/polylysine and P84/PAMAM membranes. The effect 
of the different type of crosslinking agents in the bore liquid on the water 
permeability and solute rejection of the prepared hollow fiber membranes will 
be discussed whenever appropriate in this section. 
5.3.5.1 Membranes crosslinked with Jeffamine membranes 























Figure 5.7 Pure water flux vs. Transmembrane pressure for P84 and 
P84/Jeffamine membranes 
 
The measured results of water flux versus the operational pressure are 
presented in Figure 5.7. Compared to the reference P84 membrane (R*), the 
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crosslinked membrane with Jeffamine T-5000, i.e., J5 showed a decrease in 
the pure water permeability. In contrast, there was a significant increase in the 
pure water flux for the P84/Jeffamine-M-2005 (J4) membrane over that of R*; 
see Figure 5.7. These results are consistent with the observed pore size and 
structures of the corresponding membranes in the SEM analysis.   
Table 5.4 Fouling analysis and retention of humic acid 
Membrane Code ܴ௧(%) ܴ௥(%) ܴ௜௥(%) FRR(%) ܴ (%) 
P84(R*) 47 3 44 56 84 
P84/Jeffamine T-5000(J5) 40 16 24 76 96 
P84/Jeffamine M-2005(J4) 51 14 37 63 76 
 
Table 5.4 shows the results in HA retention and the fouling 
characteristics of the membranes crosslinked by the two different types of 
Jeffamine compounds. As can be found, the use of Jeffamine T-5000 (J5) led 
to an increase in HA retention ሺR ), for the membranes. This may be explained 
by the smaller pores and tighter sublayer structures formed near the denser 
inner selective layer of the hollow fiber membrane J5 than that of J4. However, 
the crosslinking with Jeffamine M-2005 (J4) caused a decrease in the HA 
retention, as compared to the reference P84 (R*) membrane. This could be due 
to the increase in the pore size of the inner surface layer of the membrane J4 
formed. In this case, the membrane become much more porous and may not 
provide high removal of HA than for other applications.  
The total fouling resistance ( ܴ௧ ), irreversible resistance ( ܴ௜௥ ), 
reversible resistance (ܴ௥) and flux recovery ratio (FRR) of the membranes 
were calculated; as also shown in Table 5.4. Compared to the reference 
membrane P84 (R*), the FRR values of the P84/Jeffamine membranes (J5 and 
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J4) are higher, indicating that the membranes were more hydrophilic at the 
inner surface layer and the retained HA can be removal more easily. These 
results are in agreement with the measured water contact angle values 
discussed early. J5 had the lowest WCA, thus highest	FRR. ܴ௧ represents the 
degree of the total flux loss rate produced by the total fouling. J5 has the 
lowest	ܴ௧, which means that less humic acid attachment occurred on the inner 
separation surface of J5. ܴ௜௥		represents the permanent pore blocking by humic 
acid molecules. After crosslinking with Jeffamine T-5000 and Jeffamine M-
2005, ܴ௜௥		of J5 and J4 are lower than that of R*. Hence, it is clear that the 
prepared hollow fiber membranes with Jeffamine polyetheramines as the 
crosslinking chemicals can improve the antifouling properties of the P84 
membrane material. 
5.3.5.2 Membranes crosslinked with polylysine and polyamidoamine 
(PAMAM) 
Table 5.5 Separation performance of the P84-Polylysine and P84-
PAMAM membranes for salt solutions 
Membrane 
Code 
Salt rejection (%) 
PWP (Lm-2h-1bar-1) 
NaCl Na2SO4 MgSO4 MgCl2 
P84 (R*) - - - - 43.7± 1.4 
P84/Polylysine 
(P1) 44.6 34.5 62.4 78.2 4.1± 0.4 
P84/PAMAM 
(P2) 46.2 37.7 70.8 88.4 2.6± 0.3 
Note: Operation pressure: 6 bar; salt solution concentration: 0.005 M 
 
Membranes in this group can show NF functions and salt solutions 
containing 0.005M NaCl, 0.005M Na2SO4, 0.005M MgSO4 and 0.005M 
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MgCl2, respectively, were used to evaluate the separation performance of 
these membranes (P1 and P2). Experimental results are given in  Table 5.5. It 
can be found that the use of the crosslinking agents of Polylysine and 
PAMAM dendrimer had a significant impact on the water permeability (PWP) 
of the prepared membranes. The PWP of the reference P84 membrane (R*) 
was of 43.7 l/ (m2·h·bar) and those of P84/polylysine (P1) and P84/PAMAM 
(P2) decreased to 4.1 l/ (m2·h·bar) (with 10% Polylysine) and 2.6 l/ (m2·h·bar) 
(with 10% PAMAM). This was due to the fact that after crosslinking, the pore 
size was decreased, and the structure of the inner surface separation layer of 
the hollow fiber membranes becomes more rigid and dense, thus higher 
resistance to water transportation through the membrane, which has already 
been demonstrated by the SEM images in Figure 5.2. Thus, an improved salt 
rejection can be expected for these membranes. Although the reference P84 
membrane (R*) had no capability in the retention of any of these salts tested, 
the P1 hollow fiber membrane showed a 34.5% rejection of Na2SO4 and 44.6% 
rejection of NaCl, indicating a typical NF hollow fiber membrane 
characteristics. The P84-PAMAM (P2) hollow fiber membrane showed a 37.7% 
rejection of Na2SO4 and 46.2% rejection of NaCl, slightly higher than those of 
P1. This may be explained by having higher crosslinking degree of P2 than P1, 
as discussed in the section 5.3.4. The salt rejection sequence of both 
membranes followed MgCl2 > MgSO4 > NaCl > Na2SO4; see Table 5.4. The 
results are in close agreement with  other NF membranes prepared through the 
interfacial polymerization of PAMAM from multiple processes by Li et al. (Li, 
et al., 2006). However, this sequence is different from the negative charged 
PAMAM/PAN NF membrane developed by Xu et al (Xu, et al., 2012). This 
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indicates that the P1 and P2 hollow fiber membranes were positively charged 
NF membranes. The separation performance of a NF membrane is known to 
be greatly affected by the Donnan exclusion mechanism, in addition to the size 
exclusion mechanism (Peeters, et al., 1998). 
5.4 CONCLUSION  
In this study, the concept of “one-step fabricating method” was 
expanded to P84 with different crosslinking agents from PEI for the 
preparation of UF and NF hollow fiber membranes. The crosslinking agents 
tested include Jeffamine M-2005, Jeffamine T-5000, polylysine and 
polyamidoamine (PAMAM) dendrimer, in order to establish the technical 
information for their use in membrane production in the new fabrication 
method. The one step simultaneous phase inversion and crosslinking process 
proves to be successful with the use of these crosslinking compounds. The 
study provides a great improvement to the conventional membrane preparation 
method that often needs multiple steps to prepare membranes, especially the 
nanofiltration membranes, and is often costly and complex and difficult in the 
operation and quality control.  
In Chapter 3 and Chapter 4, a novel and versatile one step fabrication 
method for both UF and NF hollow fiber membranes has been demonstrated 
with PEI in the bore liquid as the crosslinking agent. The crosslinking reaction 
occurred simultaneously with the phase inversion during the membrane 
formation process. Furthermore, the method was first applied to P84 as the 
base membrane material and then extended to other membrane forming 
polymer PES for the preparation of P84/PES blend hollow fiber membranes. 
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Both P84 and P84/PES blend were successfully prepared into UF or NF 
hollow fiber membranes through crosslinking with PEI in the one-step 
spinning process.  
In comparison with the P84 only hollow fiber membranes studied in 
Chapter 3 and the P84/PES blend hollow fiber membranes developed in 
Chaper 4, it is demonstrated in this study that the crosslinking chemicals 
allowed the pore size and the surface properties of the P84-based hollow fiber 
membranes to be easily tuned with different crosslinking agents. The surface 
or sub-layer pore size can be decreased or increased, relying on the chemical 
structure of the crosslinking agents used. More porous P84 UF membranes can 
be obtained by the use of the Jeffamine M-2005. The crosslinking reaction 
also improved the antifouling properties of prepared P84 UF membranes in the 
separation of HA from aqueous solutions. On the other hand, P84-based NF 
hollow fiber membranes with positively charged surface were prepared by the 
use of the crosslinking agents of polylysine and PAMAM dendrimers. These 
positively charged membranes possessed functions to remove various 
monovalent and divalent salts, hence, with the potential to be used in the 
removal of heavy metal ions. In other words, ultrafiltration and nanofiltration 
membranes were indeed effectively prepared in this study, with P84 as the 
primary membrane formation material and Jeffamine M-2005, Jeffamine T-











CHAPTER 6 A PRELIMINARY STUDY IN THE 
PREPRATION OF NOVEL UF HOLLOW FIBER 
MEMBRANES BY THE ONE-STEP METHOD 
USING SPEEK INSTEAD OF CROSSLINKING 
AGENT IN THE BORE LIQUID AND THEIR 
PERORMANCE IN HUMIC ACID REMOVAL 
Summary 
Using the membrane forming polymer of P84, sulphonated poly ether 
ether ketone has been added in the bore liquid, instead of the crosslinking 
agent, to produce highly negatively charged hollow fiber membranes. It was 
found that the new approach affected both the morphology and properties of 
the membranes prepared from P84. The study showed that the morphology, as 
well as the surface charge and chemistry, of the prepared membranes can be 
easily adjusted by the use of SPEEK, together with changing the bore flow 
composition and other fabrication conditions. The membranes with SPEEK in 
the bore liquid possessed much larger pore size, as compared to the base P84 
membrane, when 5 wt. % SPEEK was dissolved in the bore liquid. The 
membranes can produce much higher pure water flux, depending also on other 
fabrication conditions such as the dope solution rate, bore flow rate and the 
take-up speed. The retention rate of humic acid however remained almost the 
same as that of the base membranes with smaller pores. The addition of 
SPEEK in the bore flow provided more negative charges on the surface of the 
prepared membrane, which made the cleaning of the membranes more 
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effective and thus maintained a longer period of stable performance. The 
research showed more prospect for the novel one-step membrane preparation 
method by replacing the crosslinking agent with a charged polymer in the bore 
liquid, which resulted in the adsorption of the functional polymer 
simultaneously with the phase inversion of the primary membrane formation 
polymer, leading to hollow fiber membranes of improved permeability and 
separation performance. 
6.1 INTRODUCTION 
The modification of membranes by introducing electrical charges on 
their surfaces has been a topic of great interest lately in the membrane 
separation field. The involvement of negative charges in the fabricated 
sulphonated polymeric membranes has been one of the most discussed issues 
in the various application research areas focusing on membrane separation 
technologies. It was found that the blending of 0.5-5wt. % of sulphonated poly 
ether ether ketone (SPEEK) with polysulphone (PS) had substantially resulted 
in higher water flux and salt rejection rate in the prepared membranes, which 
has been considered to be a very promising class of charged membranes in the 
UF and NF border range (Bowen, et al., 2001). 
Bowen et al. (Bowen, et al., 2005) reported the blending of 
polyetherimide (PEI) and sulfonated poly ether ether ketone (SPEEK) to 
obtain membranes whose hydraulic permeability increased from 24×10−11 to 
36×10−11 m3 s−1 N−1, and PEG rejection coefficient increased from 60% to 
93%, indicating that the use of SPEEK led to higher surface porosity, but, on 
the other hand, smaller pore size. In their another report, they (Bowen, et al., 
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2001) also reported the blending of sulfonated polysulfone (PSf) and SPEEK, 
which achieved high permeability for the membranes and almost 100% 
rejection against 4 kDa dextrans. 
The sulfonation of materials has been one of the most straight-forward 
and effective techniques used to enhance the extent of negative charge and 
hydrophilicity of the prepared membranes. The different ion exchange 
capacity of the materials can be used to manufacture membranes with different 
nature and extent of charges. Polymers, such as polysulphone (PS), 
polyethersulphone (PES) and poly (ether ether ketone) (PEEK), have been 
successfully and widely used in membrane fabrication for such properties 
(Manea, et al., 2002; Wilhelm, et al., 2002;  Arthanareeswaran & Mohan, et al., 
2007; Arthanareeswaran, et al., 2009a, 2009b;  Arthanareeswaran, et al., 2007; 
Maab, et al., 2009; Maab & Nunes, 2010; Balster, et al., 2005; Nymeijer, et al., 
2004; Yi, 2009; Peer, 1989; Kaliaguine, et al., 2003; Nakao, et al., 1988; He, 
et al., 2008; He, et al., 2002; Bowen, et al., 2001; Lau, et al., 2009; Bowen, et 
al., 2005; Bowen, et al., 2002b;  Li, et al., 2008;) Furthermore, by sulfonation 
of different polysulfone (PSf), Blanco et al. (2006) obtained nanofiltration 
membranes by casting dope of 40 wt.% (high concentrated) polymer solution 
through the wet phase inversion process. A better rejection of nanosized 
solutes was obtained with higher degree of sulfonation. The prepared 
membranes by blending sulfonated-polysulfone with PES showed irregular 
macrovoids and polymer nodules, instead of a finger-like structure on the 
cross section morphology. 
Among various techniques to introduce poly-electrolyte into the 
membranes, blending is one of the most widely used and important methods. 
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Blending of sulphonated poly ether ether ketone (SPEEK) with 
polyethersulphone (Manea, et al., 2002; Wilhelm, et al., 2002; Balster, et al., 
2005) or polyimide (Arthanareeswaran, et al., 2009b; Maab & Nunes, 2010) 
are some of those applications. Bowen has showed that blending of SPEEK 
and PS can be applied to manufacture nanofiltration membranes for salt 
rejection applications (Bowen, et al., 2001) as well as for common water 
purification applications (Bowen, et al., 2002a). Karina et al tailored the 
surface charge of an ultrafiltration hollow fiber membrane by adding 3% 
SPEEK into the bore liquid during the spinning process (Kopeć, et al., 2011a). 
The obtained P84/SPEEK hollow fiber membranes possessed two new 
properties of higher charge and increased hydrophobicity. Lau et al., (Lau, et 
al., 2009) prepared the nanofiltration membrane by blending SPEEK with PES 
and showed the connection of the morphological and electrical properties of 
the membranes with different degree of the sulphonation. An application of 
such blend membranes for protein separation (ultrafiltration) was investigated 
by Arthanareeswaran et al. (Arthanareeswaran, et al, 2009a). 
Attempts have also been made to fabricate hollow fiber membranes 
with a porous separation layer from a charged polymer in a one-step spinning 
process. Specially designed triple orifice spinnerets have been used for the co-
extrusion of a dual layered hollow fiber membrane, which consists of two 
layers. The layer was made by either an uncharged polymer of polysulphone 
for salt rejection (He, et al., 2002), or polyethersulphone for protein 
ultrafiltration (Li, et al., 2008), but the outer separation layer was made by 
changed sulphonated polyethersulphone. However, there is a concern on the 
poor adhesion usually occurred between the two layers of different polymers, 
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which has presented a doubt on the long term durability in the further 
development of these membranes.  
In recent years, many researchers investigated the removal of humic 
acid from aqueous solutions with the membrane separation technology 
(Maartens, et al., 2000; Siddiqui, et al., 2000;  Küchler, et al., 1994; Jones, et 
al., 2001; Kuan, et al., 1998; Mozia, et al., 2005; Yu, et al., 2005). Cho et al. 
(Cho, et al., 2000) found that the thin-film-composite UF membrane with a 
negatively charged surface had a greater NOM rejection than the neutral 
membrane that was made from regenerated cellulose. Wei et al. (Wei, et al., 
2006) showed that the modified polyethersulfone (PES) membrane surfaces 
exhibited greater hydrophilic and more negative charged features after the 
electrophoresis-UV grafting treatment, resulted in increased NOM retention 
and decreased membrane fouling, due to the formation of a thin separation 
layer on the membrane surface. Shim et al. (Shim, et al., 2002) reported the 
results that higher NOM removal and lower membrane fouling can be 
expected by negatively charged membranes from their study in the effect 
membrane surface charge on the removal of natural organic matter and ionic 
species. A very promising class of charged membranes at the UF and NF 
border range has been developed through the blending of 0.5-5 wt. % of 
sulphonated polyether ether ketone (SPEEK) with polysulphone (PS) as the 
membrane formation materials (Bowen, et al., 2001). In comparison with the 
base (PS) membranes, the PS/SPEEK blend membranes, in addition to 
reduced particle adhesion, had substantially higher water flux and salt 
rejection efficiency. Therefore, modifying membrane surfaces via introducing 
hydrophilic or charged groups to improve the rejection and anti-foulding 
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properties of the membranes is an effective measure for the application of 
humic acid, removal in water teatment. 
From the above review, it is clear that various studies have been 
carried out to use SPEEK as a potential polyelectrolyte in UF hollow fiber 
membrane preparation to induce surface hydrophilicity or surface charges and 
the common method has been through the blending or co-extrusion of the 
charged polymer and the base membrane formation polymer. However, the 
proposed novel one-step fabrication method might be a new alternative for 
these methods, because it can provide the benefit to decrease the total amount 
of the polyelectrolyte required. The polymer is dissolved in the bore liquid and 
may be simultaneously adsorbed by the main membrane formation polymer 
during its phase inversion, thus present on the inner separation layer only. 
In previous Chapters of 3 to 5, the novel and versatile one-step 
fabrication method for polymeric UF and NF hollow fiber membranes has 
been demonstrated through the use of dissolved small amount of an amine-
containing chemical as the crosslinking agents in the bore liquid to react with 
the primary membrane formation polymer during the phase inversion process. 
The work described in this chapter will use another functional polymer, 
SPEEK, in the bore liquid and examine its effect on the produced membranes. 
SPEEK cannot induce the crosslinking effect but may be adsorbed and 
embedded into the membrane during the phase inversion process of the major 
membrane formation polymer. Thus, the study would expand the versatility of 
the novel one-step spinning process to produce membranes of various 
structure and surface properties. 
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The aim of this chapter is therefore to understand the concept of the 
versatile one-step membrane-manufacturing process, for greater prospect. In 
this work, P84/SPEEK hollow fiber membranes were prepared by the one-step 
spinning process to tailor the surface properties of the obtained membranes by 
dissolving 5% SPEEK in the bore liquid, and varying other membrane 
preparation parameters. Three batches of the P84/SPEEK membranes with 
different morphology and different pure water flux were obtained for their 
ultrafiltration performance. Pure water flux and humic acid removal efficiency 
were used to characterize the obtained P84/SPEEK hollow fiber membranes.  
6.2 EXPERIMENTAL 
6.2.1 Materials 
Polyimide, type P84 (325 mesh, STD) kindly supplied by HP polymer 
Gmbh, Austria was used as the membrane forming polymer. N-methyl-2-
pyrrolidinone (NMP, 99% extra pure) supplied by Acros Organics (Belgium) 
was used as the solvent. Fumion E-Sulphonated poly ether ether ketone 
(SPEEK) was purchased from Fumatech (Germany) with ion exchange 
capacity measurements (IEC) 1.43 mequiv. / g. Other materials were the same 
as described in previous chapters. The chemical structures of P84 and SPEEK 






























Figure 6.1 Chemical structures of P84 and SPEEK 
 
6.2.2 Fabrication of hollow fiber membranes 
The polymers, P84 and SPEEK, were first dried in the vacuum oven at 
30°C for 24 hours. The polymer dope solution, which was prepared by mixing 
NMP (66% w/w) with glycerol (10% w/w) in a glass flask, followed by adding 
P84 (24% w/w), was sufficiently stirred at room temperature for 48 hours. 
Then, the dope solution was filtered through a stainless steel mesh filter (25 
μm) under a pressure supplied by a compressed nitrogen gas cylinder to 
remove any undissolved particulate impurities. The filtered dope solution was 
left in a tank for degassing for 24 hours to remove any entrapped air bubbles. 
Bore liquid was prepared according to certain desired compositions, as 
described in Table 6.1, and stirred continuously at room temperature for 24 







Table 6.1 Membrane preparation parameters 





( B3) P84(B0) 
Dope composition, % 
P84 24 24 24 24 
NMP 66 66 66 66 
Glycerol 10 10 10 10 
Bore liquid 
composition, % 
NMP 5 5 5 - 
Water 90 90 90 - 
SPEEK 5 5 5 - 
Glycerol/ 
Ethanol 
- - - 50/50 
Dope flow rate  4.68 4.68 8.78 3.51 
Bore liquid flow rate ml/min 6.42 10.13 10.13 3.38 
Take-up speed  8.38 8.38 12.95 2.55 
Air gap cm 6 6 6 6 
External coagulant Ԩ Water Water Water Water 




i.d. 0.8 0.8 0.8 0.8 
o.d. 1.5 1.5 1.5 1.5 
 
The hollow fiber membranes were prepared by the dry-wet spinning 
process that has been similarly described in Section 3.2.2 (Figure 3.4). Four 
batches of hollow fiber membranes were fabricated in this work, see Table 6.1. 
The reference P84 hollow fiber membrane (B0) was spun first, followed by 
another three batches of P84/SPEEK hollow fiber membranes prepared with 
SPEEK (5% w/w), in the bore liquid, but under different spinning rates. Table 
6.1 summaries the experimental parameters used for spinning the hollow fiber 
membranes. Each type of the spun hollow fiber membranes was packed into a 
membrane module for filtration test, as described in Section 3.2.2 of Chapter 3. 
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6.2.3 Membrane characterization 
Various membrane characterizations including scanning electron 
microscopy, zeta-potential analysis, Attenuated Total Reflectance Fourier 
Transform Infrared Spectroscopy (ATR-FTIR), were done in this work, and 
the analytical methods were the same as those described in Chapter 3.  
6.2.4 Module preparation and filtration experiments 
6.2.4.1 Measurement of pure water flux  
The hollow fiber membranes were packed into a membrane module as 
previously described in Chapter 3 for tests. The experiment to measure pure 
water flux was carried out at room temperature (25°C) in a dead-end filtration 
setup as shown in Section 3.3.2. Six pieces of a specific type of the hollow 
fiber membranes with the length around 35 cm were assembled into the test 
module. In the measurement, ultra-pure water was first used to clean the 
membrane from any remaining solvent and nonsolvent chemicals before the 
measurement of the pure water flux. A compressed nitrogen gas cylinder 
supplied the feed pressure for the filtration setup. The mass of the permeate 
was measured and recorded automatically by an electronic balance connected 
to a programmed computer. The membranes permeance, which is the water 
flux normalized with the transmembrane pressure (TMP), was obtained from 
the slope of the water flux vs. TMP relationship. 
6.2.4.2 Measurement of retention for humic acid from aqueous solution 
Feed solution containing humic acid (in sodium salt, of technical grade, 
supplied by Sigma-Aldrich,) was prepared with ultra-pure water at a humic 
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acid concentration of 20 mg/L and was used to test the separation performance 
of the prepared membranes. 
A dedicated equipment, Osmo Inspector 2 that can be used to 
accurately and reproducibly perform filtration and backwash runs, was used in 
the experiments; see Figure 3.8 and Figure 3.9 in Chapter 3. The setup was 
specifically designed for constant flux dead-end filtration. The experimental 
procedure involved 5-6 cycles of a dead-end filtration period (55mins) plus a 
backwashing period (5mins). 
6.3 RESULTS AND DISCUSSION 























P84/5% SPEEK (B3),(Dope flow rate: 8.78 ml/min, Bore liquid flow rate: 10.13 ml/min) 




Figure 6.2 SEM images of the P84 base membrane and the three batches 
of hollow fiber membranes prepared with SPEEK in the bore flow 
(A) cross section, (B) partial cross section of the inner selective layer, magnification: 
10,000× (C) surface of inner selective layer, magnification: 10,000× 
 
Figure 6.2 shows the SEM images of the four batches of hollow fiber 
membranes examined. All of them showed a uniform sponge-like structure. 
Compared to the cross-section of the inner selective layer of P84 with SPEEK, 
the reference P84 hollow fiber membrane had much denser inner layer. It 
appears that P84 with SPEEK in the bore flow affected the hollow fiber 
structure formed and resulted in much larger pore sizes for the membranes (B1 
and B2) than that for the reference P84 (B0) hollow fiber membrane. However, 
the pure water permeability (PWP) of B1 and B2 are lower than that of B0. 
A B C




This was probably attributed to the fact that the pore connectivity and overall 
porosity determined the performance of PWP of the hollow fiber membranes. 
It seems that P84 / SPEEK (B3) membrane has bigger pores than that of all 
other batches (such as B0, B1 and B2). This is consistent with the PWP result 
(the PWP of B3 was higher than that of B0, B1 and B2). There seems no 
visible and distinct layer on the lumen side of the P84/SPEEK hollow fiber 
membranes. Therefore, the addition of SPEEK in the bore liquid also provides 
the possibility to alter the surface and cross section structure of the prepared 
membranes in the one-step spinning process, which may be attributed to the 
simultaneous adsorption and thus embedment of SPEEK with P84 during the 
phase inversion process of P84 to form the hollow fiber membranes. 
6.3.2 Membrane chemistry 

































Figure 6.3 FTIR spectra for the inner surface of the P84 fiber (B0) and 




Analysis was conducted to clarify whether there was any change in the 
chemical composition between the reference P84 and the P84/SPEEK hollow 
fiber membranes on the inner surfaces. The typical imide bands and sulphonic 
group bands are used as the identifier for the changes. 
Figure 6.3 shows the FTIR spectra of the reference P84 (B0) and the 
P84/SPEEK (B3) hollow fiber membranes. For the P84 (B0) membrane, the 
characteristic absorption bands for the imide groups are clearly observed at 
1779 cm-1 and 1721 cm-1 for the symmetric C=O stretching. For the P84 / 
SPEEK (B3) hollow fiber, peaks at the wavelengths charactering for the imide 
groups of P84 can also be observed but had a much lower intensity than that of 
P84 hollow fiber. However, the typical sulphonic acid groups of SPEEK can 
be detected at 1225cm-1and 1026 cm-1 that indicate the S=O stretching 
vibration for the P84/SPEEK hollow fiber membrane. From the FTIR spectra, 
it could not be identified for other new peaks to show there was chemical 
interaction/reaction between P84 and SPEEK. The FTIR spectra are an 
indirect proof of the existence of SPEEK on the inner surface layer of the 
P84/SPEEK membrane. Since thorough washing the membrane surface did 
not remove these SPEEK group peaks, it may be speculated that SPEEK was 
adsorbed and embedded with P84 during the phase inversion process of P84. 































 P84/5% SPEEK (B3)
pl=3.43 (P84)
 
Figure 6.4 Zeta potentials of the pure P84 (B0) and P84/SPEEK (B3) 
hollow fiber membranes 
 
The measured zeta-potentials for the reference P84 (B0) and 
P84/SPEEK (B3) hollow fiber membranes under various solution pH values 
are presented in Figure 6.4. Both hollow fiber membranes had similar 
isoelectric point (B0 at pH 3.43 and B3 at 3.4) and positive or negative zeta 
potentials at pH below 5. However, at pH above about 5.5, B0 showed much 
lower negative zeta potentials, with the maximum negative zeta potential of -
42.1 mV at pH 10.7, but B3 had much greater negative zeta potentials with the 
maximum negative zeta potential of -49.3 mV at pH 10.6. It appears that the 
use of SPEEK in the bore liquid made the prepared membrane surfaces more 
negatively charged at higher pH values. The increase in the negative zeta 
potential may be attributed to the sulphonic acid functional groups of SPEEK 
that can be more easily ironized at higher pH values. Hence, one possible 
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explanation is that SPEEK was bound to the inner surface layer of the 
membrane during the phase inversion process of P84. Between the chains of 
P84 and SPEEK, they may form interlocking as well as entanglements. The 
interaction between P84 and SPEEK may be physical by adsorption or other 
chemical means (not clear yet). SPEEK appeared to stay stably with the 
prepared membrane. 
6.3.4 Water fluxes of P84 and P84/SPEEK hollow fiber membranes 





















Figure 6.5 Pure water flux vs. transmembrane pressure for P84 and 
P84/SPEEK hollow fiber membranes 
 
Figure 6.5 shows the pure water flux of P84 and P84/SPEEK hollow 
fiber membranes as a function of the transmembrane pressure in the pressure 
range of 1 to 3 bar. The specific pure water permeability (l/m2·h·bar) for each 
type of the hollow fiber membranes was then obtained from the slope of the 
linear relationships. The reference P84 (B0) hollow fiber membrane had a pure 
water permeability of about 47.73 l/ (m2·h·bar).  
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With SPEEK modification, the permeability of the P84/SPEEK 
membranes may be increased or decreased or similar to that of P84 (B0). For 
example, batch B2 had a similar pure water permeability (40.97 l/ (m2·h·bar)) 
to the reference membrane P84 (B0); batch B1 had a specific pure water 
permeability of 16.93 l/ (m2·h·bar), much less than 47.73 l/ (m2·h·bar) of the 
P84 (B0), but batch B3 showed a much higher pure water permeability of 
76.16 l/ (m2·h·bar) than that of P84 (B0). The results demonstrated that not 
only SPEEK interaction or attachment with P84 at the bore side of the hollow 
fiber membrane, but also the fabrication conditions both would affect the 
structure and property of the prepared hollow fiber membranes in the one-step 
process.  
It appears that the hollow fiber membrane with the same P84 and 
SPEEK composition but fabricated at higher dope solution rate, higher bore 
liquid flow rate and higher take-up speed resulted in more porous membrane 
(B3). This may be used to adjust the structure and performance of the prepared 
membranes. In other words, the novel one step spinning method with 
simultaneous P84 phase inversion and SPEEK adsorption from the bore liquid 
is also versatile to manufacture hollow fiber membranes of different surface 
properties, cross section structures, pore sizes and properties. 
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6.3.5 Removal of humic acid (HA) by the different types of hollow fiber 
membranes 



















Filtration time (t [hh:mm])
pH=5.5
 
Figure 6.6 Retention rate of HA as a function of time for P84 (B0) and 
P84/SPEEK membrane (B2) at pH 5.5 
 
The retention of humic acid as a function of time is compared for the 
B0 and B2 batches of the membranes (Batch B2 had a similar pure water 
permeability to the reference membrane B0) under the operation of 6 cycles of 
dead-end filtration (55 min) plus backwashing (5 min). The results are shown 
in Figure 6.6, where the retention rates were the average values from each 
cycles of the filtration.  
In the first four cycles, the retentions for both types of hollow fiber 
membranes (B0 and B2) were almost the same. After the 4th cycle, the 
retention rates of B2 membrane remained almost the same but that of B0 
dropped greatly.  
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The performance of B2 showed improvement than that of B0 in the 
long runs. This may be attributed to the much more negative charges on the 
inner separation surface of B2, as demonstrated by the zeta-potential results in 
Figure 6.4, which prevented the fouling of HA to the membrane, due to HA 
also carrying negative charges under the test condition. Shim et al. also 
reported that higher NOM removal and lower fouling effect were expected on 
negatively charged membranes (Shim, 2002).  
Table 6.2 Retention of humic acid by each batch of the membranes 
Module B0 B1 B2 B3 
Retention (%) 84.60 86.27 85.97 86.00 
 
Table 6.2 shows the retention rate of HA by the four batches of hollow 
fiber membranes from a comparative experiment. All P84/SPEEK membranes 
showed higher removal of HA than the reference P84 membrane. B1 has the 
highest retention among all the prepared hollow fiber membranes but with the 
lowest PWP. B2 has the similar PWP to B0, which is slightly lower than that 
of B0. However, the retention of humic acid of B2 was slightly higher than 
that of B0. B3 on the other hand had both higher PWP (see Figure 6.5) and 
higher HA retention (86%); see Table 6.2. Therefore, the results also 
demonstrated that not only SPEEK interacted or attached with P84 at the bore 
side of the hollow fiber membrane, but also the fabrication conditions both 
would affect the property and retention performance of the prepared hollow 
fiber membranes in the one-step process.  
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6.4 CONCLUSION  
The study in this chapter demonstrated that the versatile one-step 
fabrication method that combines phase inversion and crosslinking together in 
the previous chapters can be extended to a process that combines phase 
inversion of the membrane formation polymer and adsorption of a functional 
polymer in the bore liquid to fabricate membranes with various structures and 
surface properties. Hollow fiber membranes with P84 as the membrane 
formation polymer and SPEEK dissolved in the bore liquid as the functional 
polymer were successfully prepared with greater negative zeta potentials at 
pH>5. It was found that the use of SPEEK in the bore liquid affected both the 
morphology and the properties of the hollow fiber membranes prepared from 
P84 as the base membrane formation polymer. The work showed that the 
morphology of the prepared membranes as well as their surface charge and 
chemistry may be easily adjusted by changing other preparation conditions, 
such as the bore liquid composition and the spinning rates of the dope solution 
and the bore flow. 
Based on the preliminary results obtained so far in this chapter, the 
followings may be confirmed.  
The P84/SPEEK hollow fiber membranes can be made with much 
larger pore size as compared to the base P84 membrane when 5 wt. % SPEEK 
was used in the bore liquid. However, the pure water permeability (PWP) of 
the prepared hollow fiber membranes may be lower or higher than that of the 
P84 reference membrane, depending on other spinning conditions. The P84 / 
SPEEK (B3) membrane has showed the largest pores.  
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Both SPEEK interaction / attachment with P84 at the bore side of the 
hollow fiber membrane and the fabrication conditions (such as the dope 
solution rate, bore flow rate and take-up speed) would affect the property and 
retention performance of the prepared hollow fiber membranes in the one-step 
process.  
All P84/SPEEK membranes showed higher removal of HA than the 
reference P84 membrane. The retention of humic acid also showed better 
performance in a long run. The addition of SPEEK in the bore flow could 
result in more negative charges on the prepared membrane surfaces, which can 
make the cleaning of the membranes more effective and thus maintain a longer 
term stable performance in the filtration of HA solution. The P84/SPEEK 
hollow fiber membrane was based on the novel one-step spinning concept, 
which tailored the surface properties by the addition of SPEEK in the bore 
liquid. By varying the membrane preparation parameters, P84/SPEEK hollow 
fiber membranes with different morphology, pure water flux, and retention 







CHAPTER 7 CONCLUSION AND 
RECOMMENDATIONS FOR FUTURE WORK 
7.1 CONCLUSION 
In this study, a novel and recently developed fabrication method for 
polymeric hollow fiber membrane was investigated to fabricate membranes 
with various structures and surface properties in the ultrafiltration (UF) and 
nanofiltration (NF) range, for which the conventional or current state of 
technology often need multiple or different processes to prepare them. The 
method is based on a versatile one-step spinning method that combines the 
effect of simultaneous phase inversion and crosslinking or adsorption together 
in the spinning process (occurred in the spinneret). Compared to the traditional 
preparation approach, the new method can reduce the amount of the 
crosslinking chemical or functional polymer required and the total process 
steps for the modification of hollow fiber membranes in their selective 
separation layer structure and property. This versatile one-step spinning 
method not only can tailor the membrane surface charge but also adjust the 
surface wetting properties. The membrane structure and surface property can 
be varied by changing the ratio of the primary membrane formation polymer 
and the crosslinking agent or functional polymer, the dope composition, the 
bore liquid composition, and the spinning rate. In general, ultrafiltration and 
nanofiltration hollow fiber membranes can indeed be developed through the 
one-step spinning process directly.  
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In the first part of this study, the novel one-step fabrication method 
which combines the phase inversion and crosslinking reaction together in the 
spinning process was demonstrated to prepare hollow fiber membranes with 
various structures and surface properties in the ultrafiltration and 
nanofiltration range. This was achieved by using P84 as the base membrane 
formation polymer in the dope and PEI dissolved in the bore liquid as the 
crosslinking agent of P84. The process led to the interplay between the 
simultaneous phase inversion of P84 (the mechanism of membrane formation) 
and the crosslinking of PEI with P84 (the mechanism of membrane 
modification). The content and MW of PEI in the bore liquid affected the 
degree of crosslinking in the interplay, which in turn affected the structure and 
performance of the obtained hollow fiber membranes. By carefully controlling 
the interplay mentioned above (changing the rate of phase inversion or 
crosslinking or both), the final morphology and surface chemistry of the 
prepared hollow fiber membranes can be manipulated. Hollow fiber 
membranes of either the UF or NF performance were obtained through the one 
step simultaneous phase inversion and crosslinking spinning method, verifying 
the versatility of the one-step new preparation method.  
For the various types of membranes prepared and examined, P84/PEI 
category I-1, II-1 and II-2 membrane may show performance at the border of 
UF and NF, I-2 membrane may typically be in the NF range and III-1 and III-2 
membranes are more of the UF feature. In the experiments for humic acid 
removal, the P84/PEI category III hollow fiber membranes showed much 
higher efficiency than the base P84 hollow fiber membrane, displaying the 
typical UF feature. For nanofiltration separation of salts, the I-1 hollow fiber 
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membrane achieved an 83.7% rejection of MgCl2, 56.2% of MgSO4, 28.7% of 
Na2SO4 and 36.4% rejection of NaCl, showing a typical NF hollow fiber 
membrane characteristic. The Ι-2 hollow fiber membrane also realized an 87.8% 
rejection of MgCl2, 61.2% of MgSO4, 38.3% of Na2SO4 and 48.5% rejection 
of NaCl. It was found that the salt rejection sequence by the prepared hollow 
fiber membranes (i.e., I-1, I-2 and II-1) followed MgCl2 > MgSO4 > NaCl > 
Na2SO4. This order indicates that the Donnan exclusion exclusion mechanisim 
played an important role in the separation, because I-1, I-2, II-1 hollow fiber 
membranes were all positively charged NF membranes, confirmed by the zeta-
potential measurements.  
In the second part of the study, the results from the previous part were 
extended to a blend of membrane formation polymers. P84/PES blend UF or 
NF membranes were prepared via the one-step spinning process, with P84 
acting as the primary membrane formation matrix polymer and PES as the 
second membrane formation polymer. Again, polyethyleneimine (PEI) was 
used as the crosslinking reagent in the bore liquid but only P84 can be 
crosslinked with PEI and PES cnnot. P84 and PES were generally compatible 
and the blending of these two polymers led to the successful preparation of 
hollow fiber membranes that may be used for the removal of humic acid or 
rejection of some salts in water. It was found that both the ratio of P84/PES 
and the interplay in the phase inversion of P84 and PES and the crosslinking 
of PEI with P84 affected the morphology and the properties of the prepared 
P84/PES hollow fiber membranes. The produced P84/PES blend membranes 
with lower ratio of P84: PES (i.e., 3:1) typically showed UF performance with 
higher efficiency in humic acid removal than the uncrosslinked P84/PES 
183 
 
membrane. The crosslinking of PEI in the bore liquid with P84 resulted in the 
decrease in the membrane surface pore sizes. The improvement in the 
membrane’s removal performance was due to the formation of a denser inner 
surface separation layer and its smaller pore size of the cross-linked P84/PES 
membranes. The addition of a larger amount of non-solvent in the bore liquid 
also made the phase inversion take place faster and the hollow fiber membrane 
surface was more cross-linked. Moreover, the produced P84/PES blend 
membranes with higher ratio of P84: PES (i.e., 5:1) showed the properties of 
NF or that at the border of UF and NF, and the nanofiltration membranes 
exhibited higher rejection for high valence cations and low valence anions 
than low valence cations and high valence cations, due to the positive surface 
changes on the membranes. 
In the third part of study, the new concept of one-step spinning method 
was further expanded to the fabrication of UF and NF hollow fiber membranes 
using different amine-containing chemicals as the crosslinking agent.  Four 
different types of crosslinking agents, including Jeffamine M-2005, Jeffamine 
T-5000, polylysine and polyamidoamine (PAMAM) dendrimer, respectively  
was used in this process to examine their feasibility and establish the technical 
information for their use in the one step hollow fiber membrane spinning 
process. The work used P84 as the base membrane formation polymer. The 
results showed that the one step simultaneous phase inversion and crosslinking 
process successfully prepared hollow fiber membranes of UF and NF 
functions directly by the same spinning step. It was found that the crosslinking 
modification with the different types of amine-containing crosslink agents 
allowed the pore size and surface properties of the prepared hollow fiber 
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membranes to be easily tuned. The pore size can be decreased or increased, 
relying on the chemical structure of the crosslinking agents used. Loose UF 
membranes were obtained by the use of Jeffamine M-2005 and Jeffamine T-
5000 as the crosslinking agent. The results also showed that the membranes 
with Jeffamine as the crosslinking agent had improved antifouling properties, 
as compared to the base P84 membrane, in the separation of HA molecules. 
On the other hand, NF membranes with positively charged surface were 
obtained by the use of Polylysine and PAMAM dendrimer as the crosslinking 
agents. The positively charged membranes showed benefit to reject cations, 
i.e., monovalent (Na+) and divalent salts (typically Mg2+, Ca2+), hence also 
having the great potential to remove heavy metal ions in waste water treatment. 
In other words, ultrafiltration and nanofiltration membranes can indeed be 
prepared with different crosslinking agents rather than PEI through the novel 
one-step simultaneous phase inversion and crosslinking process.  
In the last part of this study, some preliminary study was done with 
P84 as the membrane formation polymer in the dope and the addition of 
SPEEK dissolved in the bore liquid as a functional polymer to produce hollow 
fiber membrane carrying negative surface changes. It was found that the 
spinning process under such condition produced hollow fiber membranes with 
different morphology and surface properties from the base P84 membrane. 
The obtained membranes with SPEEK can have larger pore size, more sponge-
like structure, greater negative zeta potential, and higher pure water flux, 
depending on the fabrication conditions such as the dope solution rate, bore 
flow rate and take-up speed. The retention rate in humic acid removal was 
better, especially in long term runs. The addition of SPEEK in the bore flow 
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resulted in more negative charges on the prepared membrane surface, which 
made the cleaning or antifouling of the membranes for HA more effective and 
thus maintained a longer term stable performance.  Although SPEEK was not 
involved in crosslinking with P84, the adsorption of SPEEK from the bore 
liquid together with P84 during its phase inversion process incorporated or 
embedded SPEEK into the P84 matrix, leading to the formation of 
P84/SPEEK membranes with different morphologies and pure water 
permeability.  
7.2 RECOMMENDATIONS FOR FUTURE WORK 
The study described so far aims at the understanding of the effect of 
the interplay between the simultaneous phase inversion and crosslinking or 
adsorption on the prepared membranes’ morphology, property and separation 
performance.  
The study fabricated hollow fiber membranes in the ultrafiltration and 
nanofiltration range through the novel one-step simultaneous phase inversion 
and crosslinking or adsorption method. The study started with the membrane 
formation polymer of Polyimide P84. The crosslinking reaction took place 
between P84 and PEI as the crosslink agent added in the bore liquid. 
Subsequently, the novel fabricating technique was extended to a blend of two 
membrane formation polymers: the known P84 that underwent the 
crosslinking reactions with PEI and another polymer of PES that did not have 
imide rings for crosslinking with PEI. Furthermore, the one-step method was 
further investigated with P84 but using other amine-containing crosslinking 
agents (rather than PEI): Jeffamine polyetheramines, PAMAM dendrimers, 
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Polylysine. Eventually, SPEEK was added in the bore liquid to produce P84-
based hollow fiber membranes with greater amount of negative charges or 
higher negative zeta potentials.  
Many other aspects on using this novel one-step spinning method to 
produce various types of hollow fiber membranes can be further expanded. 
Some directions of future research may be proposed as below: 
Firstly, the present study only explored the application of humic acid 
removal and salt rejection in general. Other applications, depending on the 
morphology and property of the produced membrane, may be explored, for 
example, for heavy metal removal, such as Zn2+, Ni2+, Cd2+ and Pb2+ from 
water or wastewater, using the developed NF membranes. 
Secondly, the fabrication of a mosaic membrane with both negative 
and positive charges may be explored by the novel one-step method. For 
example, P84 will again be chosen as the membrane formation polymer but 
both PEI and SPEEK can be added in the bore liquid. PEI would be crosslink 
with P84, which can supply positive charges at the membrane surface, and 
SPEEK will be adsorbed and embedded with P84 in the membrane, which 
could provide the negative charges to the surface of the membrane. 
Alternatively, SPEEK which can dissolve in NMP with P84 that can provide 
negative charges may be blended with P84 as the membrane formation 
polymers. PEI dissolved in the bore liquid will crosslink with P84 producing 
positive changes for the prepared membranes (SPEEK will not crosslink with 
PEI). These approaches are still based on the one-step simultaneous method in 
the spinning process. The mosaic membranes would offer potentially different 
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properties and performances for the prepared ultrafiltration or nanofiltration 
membranes and their applications are of great interest for further study (Linder, 
et al., 2001). 
Finally, the method can be extended to different membrane formation 
polymers. Polymers undergoing the similar amide crosslinking reaction, such 
as polytherimide, polyamideimide and polybenzeimidazole, simultaneously 
with the phase inversion during the spinning process can be tested. The state-
of-art can also be transferred to other crosslinking reactions that would take 
place simultaneously during membrane formation. Choosing from the wide 
variety of polymers would offer the possibility to get better understanding on 
the interplay between the phase inversion, crosslinking and also shed light on 
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